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A B S T R A C T

Stimuli-responsive membranes have been widely explored to mitigate fouling on the membrane surface to
achieve the stable performance of water purification. Herein, a facile one-step coating of photo-mobile materials
on membrane surface was developed to impart self-cleaning property upon exposure alternatively to ultraviolet
(UV) and visible light. Specifically, photo-mobile 4,4′-azodianiline (AZO) and a bio-adhesive polydopamine
(PDA) were co-deposited on the surface of ultrafiltration (UF) membranes. The effect of the coating layer on the
surface hydrophilicity and pure water permeance was systematically evaluated. The photoresponsive properties
of AZO in solutions and thin films with PDA was characterized using UV–Vis absorption spectroscopy. When
exposed with UV light, AZO undergoes photoisomerization from trans-AZO to cis-AZO, decreasing the volume,
while the exposure to visible light enables the transition from the cis- to trans- configuration, increasing the
volume. The resulted self-cleaning behavior of the modified membranes through the reversible volume change is
demonstrated in treating 1 g/L bovine serum albumin (BSA) solution. After exposure to the alternative UV/vis
light, the AZO-coated UF membranes showed an increased water permeance by ~160%.

1. Introduction

Membrane technology has emerged as an important approach for
water purification and wastewater treatment due to its high energy-
efficiency, compactness, and simplicity in operation [1–3]. One major
challenge to membrane processes is fouling, where contaminants in the
feed accumulate on the membrane surface or inside the pores of the
membrane, decreasing water permeance and increasing operating costs
[4–8]. Fouled membranes can be cleaned at regular intervals using
chemicals (such as acids, bases, or biocides) or backflushing [9]. Such
cleaning interrupts the operation, and the use of strong chemicals
causes irreversible damage to the membrane surface and therefore re-
duces the service life of the membrane [10]. Fouling can also be miti-
gated by membrane surface modification, such as enhancing surface
hydrophilicity [5,8], creating surface nanopatterns [11–13], and both
[14].

Self-cleaning membranes comprising a thin layer of “smart” mate-
rials on the surface have been explored to mitigate fouling without the
use of strong chemicals [15–18]. Such smart materials respond to the
changes in their environment (e.g., pH [19–21], ionic strength [22],

magnetic field [23], temperature [24], and light [21,25–27]) causing
changes in water flux and surface properties. Among the different kinds
of stimuli, light is of special interest, as it can be easily controlled re-
garding time and space and also functions as a non-invasive stimulus
[28]. In this approach, photoresponsive materials are grafted or coated
on the membrane surface to provide switchable and antifouling prop-
erties [21,25–27]. For example, spiropyran-based materials become
zwitterionic and thus more hydrophilic upon exposure to UV light
[26,29], and the switchability can be used to generate the antifouling
surface [26,27].

Azobenzene is photo-mobile since it can easily and quickly undergo
photoisomerization between the trans- and cis- configuration [25]. As
depicted in Fig. 1, the UV radiation leads to the transition from trans- to
cis-configuration, which drastically decreases the distance between the
para carbon atoms, from 9.9 Å to 5.5 Å, and increases the dipole mo-
ment, from 0.5 Debye (D) to 3.1 D [30,31]. The isomerization is re-
versible, and the trans-azobenzene forms when UV radiation is switched
off. The photoisomerization also induces changes in the volume of
azobenzene-containing materials. For instance, azobenzene-based li-
quid-crystalline elastomer films contracted by about 3% in length after
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exposure to UV light at 100mW/cm2 for 100 s [32]. The azobenzene-
based derivatives have been used to modify the membrane surface to
control the surface wettability and permeability using UV light
[25,33–35]. However, the azobenzene groups are often chemically in-
corporated in polymers [34], which are very challenging to be de-
posited as a thin film on membranes without blocking the pores and
significantly decreasing water permeance.

The objective of this study was to demonstrate a facile one-step
coating of photo-mobile 4,4′-azodianiline (AZO) on commercial UF
membranes to achieve self-cleaning behavior when exposed to UV light
and visible light alternatively, as shown in Fig. 2. The AZO is co-de-
posited with dopamine in aqueous solution to form a stable thin film on
different UF membranes. In the presence of oxygen, dopamine forms
complexes (polydopamine or PDA) through π-π stacking and hydrogen
bonding [36–38]. The hydrophilic PDA is insoluble in water, and it has
high adhesion properties, similar to the composition of adhesive pro-
teins in mussels. More importantly, the PDA can be utilized to cova-
lently graft amine-, acrylate- and thiol-containing compounds to the
membrane surface through Michael addition or Schiff base reactions
[6,39–41]. As shown in Fig. 2a, the amine-containing AZO can react
with PDA through Michael addition, depositing on the solid portion of
the membranes without dramatically blocking the surface pores. AZO
may also interact with PDA through π-π stacking and hydrogen bonding
(non-covalent bonds) [41–44]. Both the covalent and non-covalent
bonding result in a photo-mobile, stable thin film on the membranes.
The coating layer is hypothesized to be on the solid portion of the
membranes without covering the pores.

Fig. 2b depicts the self-cleaning behavior of the PDA/AZO layer. By
alternatively exposure to the UV/vis light, the PDA/AZO layer shrinks
and expands reversibily, mitigating the aggregation of the foulants on

the membrane surface. Additionally, the PDA provides UV protection
and free radical scavenging [45], which increases the membranes sta-
bility under UV light [45]. For instance, a self-protected, self-cleaning
UF membrane, synthesized using the UV resilient property of PDA and
the photocatalytic ability of TiO2-NH2, demonstrated consistent per-
formance even after prolonged exposure to UV irradiation [46].

This work, for the first time, demonstrates the self-cleaning behavior
of membranes derived from the coating layer of AZO and PDA on the
membrane surface. The effect of the coating layer on the surface hy-
drophilicity and pure water permeance was systematically evaluated in
this study. The photoresponsive properties of AZO in the solution and
thin films with PDA was thoroughly characterized using UV–Vis ab-
sorption spectroscopy. The self-cleaning behavior of the coating layer
on UF membranes was demonstrated by treating water containing bo-
vine serum albumin (BSA). Because this facile one-step modification of
membrane surface occurs in aqueous solution, it can be readily applied
as post-modification for membranes and modules.

2. Experimental

2.1. Materials

Flat-sheet UF membranes of polysulfone (PSf) with molecular
weight cutoff (MWCO) of 30 kDa, and polyvinylidene fluoride (PVDF)
with MWCO of 250 kDa were obtained from Nanostone Water (Eden
Prairie, MN). Polyethersulfone (PES) UF membranes with MWCO of
2 kDa were procured from Alfa Laval Inc. (Richmond, VA). Dopamine
hydrochloride, PSf beads (Mn ~ 22,000), BSA (> 96%), cyclopenta-
none (> 99%), Trizma® base (> 99.9%), phosphate buffered saline
(PBS) powder, and n-decane (> 99%) were purchased from Sigma
Aldrich (St. Louis, MO). 4,4′-Azodianiline (95%) was purchased from
Acros Organics (NJ). Ethanol (190 proof), methanol (> 99.8%) and N,
N-dimethylformamide (DMF) (> 99.8%) were obtained from Decon
Labs (King of Prussia, PA), VWR International (Radnor, PA), and Fisher
Scientific (Fairlawn, NJ), respectively. Nitrogen with ultrahigh purity
was purchased from Praxair Inc. (Tonawanda, NY). Deionized (DI)
water was generated by Milli-Q water equipment (18.2MΩ cm at 23 °C)
(EMD Millipore, Billerica, MA).

2.2. Membrane pretreatment and surface modification

Commercial UF membranes were pre-treated by soaking in ethanol
and then in DI water for 24 h each to remove pore-preserving agents

Fig. 1. Reversible photoisomerization and volume change of photo-mobile azobenzene
[30].

Fig. 2. (a) Scheme of PDA formation and reactions between AZO and PDA through Michael addition, leading to covalent linkages [41], and (b) schematic of the self-cleaning behavior of a
photoresponsive membrane comprising a thin film of AZO and PDA.
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such as glycerin following the procedure described in the literature
[44].

For the membrane surface modification, the pre-treated membrane
was attached to a plate and gasket assembly with the active side of the
membrane facing upwards. The membrane coating assembly was
placed on top of a rocking platform (VWR International, Radnor, PA).
The rocker allows the membrane surface to be exposed to the oxygen in
the air for dopamine polymerization [41]. A desired amount of AZO
and dopamine was dissolved in a water-methanol mixture containing
70 vol% methanol. Trizma® base was added to the solution to obtain a
pH of 8.5 to enable the polymerization of dopamine [41]. After coating
for a desired time (0.5, 1, or 2 h), the modified membrane was rinsed
with the DI water thoroughly to remove any unreacted chemicals and
then stored in the DI water. The coating condition is denoted as x-PDA/
y-AZO-zh, where x and y represent the concentration (g/L) of PDA and
AZO in the coating solution, respectively, and z represents the coating
time (in h).

2.3. Characterization of the modified membranes

To determine the thickness of the coating layer on membranes, PSf
thin film was used as a model substrate. A 3 wt% PSf in cyclopentanone
solution was spin-coated on a Si wafer using an MTC-100 vacuum spin
coater (MicroNano Tools, Canada). The PSf films have thicknesses
varying from 120 nm to 160 nm, with a variance less than 10% for each
film. The PSf films were further coated with PDA+AZO using the
technique described in Section 2.2. The thicknesses of the PSf and
PDA+AZO layers were determined using an F20 Thin Film Analyzer
(Filmetrics Inc., San Diego, CA). PSf has a refractive index value of 1.63
[47], and the PDA+AZO layer has a value of 1.62, an average of PDA
(1.59) and AZO (1.65) [48]. Each thickness value reported in this study
is an average of at least five locations on the film.

To determine the contact angles of the membrane surface, a Ramé -
Hart goniometer (Model 190, Ramé -Hart Instrument Co., Succasunna,
NJ) was used with a captive bubble method and a sessile drop method.
For the captive bubble method, the membrane sample was attached to a
sample holder and immersed in water in a transparent chamber to si-
mulate membrane operation underwater. Droplets of n-decane (2 μL)
were deposited on the membrane surface using a needle connected to a
Gilmont microliter syringe (Cole-Parmer, Vernon Hills, IL). For the
sessile drop method, DROPimage software (Ramé -Hart Instrument Co.)
was utilized to obtain real-time values for the contact angles of water
droplets (2 μL) on the membrane surface. To analyze the effect of UV
radiation on contact angle values, the membranes were exposed to UV
LED penlight (wavelength or λ=365 nm) (Stylus®, Streamlight Inc.,
Eagleville, PA). In these measurements, a minimum of five droplets of
liquid were analyzed, and the mean values are reported here.

Focused ion beam-scanning electron microscopy (FIB-SEM, Zeiss
Auriga, Germany) was used to analyze the surface morphology of
pristine and modified membranes. A sputtering coating apparatus was
used to coat a thin layer of gold on the membrane samples. X-ray
photoelectron spectrometer (XPS) (PHI 5600-CI, Physical Electronics,
Chanhassen, MN) was used to analyze the elemental composition of the
pristine and modified PSf dense films. Monochromatic Al Kα X-rays
with a pass energy of 58.7 eV was used. Percentages of elemental
composition were calculated based on the relative areas of individual
component peaks. The analysis was performed in two different regions
for each sample.

2.4. Characterization of photoresponsive behavior

UV–Vis absorption spectroscopy was used to analyze the photo-
responsive behavior of AZO. A solution containing AZO in DMF was
tested using UV-3101PC spectrophotometer (Shimadzu Corp., Tokyo,
Japan) with wavelengths (λ) ranging from 350 nm to 550 nm. For the
PDA+AZO coating, the coated PSf thin films were mounted on a

transparent microscope cover glass (Erie Scientific, Portsmouth, NH).
The samples were irradiated with the light of the desired wavelength
using an RF-5301 PC spectrofluorophotometer (Shimadzu Corp.).

2.5. Determination of water permeance through the membranes

Pure water permeance was determined using a dead-end filtration
system [49–51]. The membrane stamps with an active area of 11.5 cm2

were placed in permeation cells (UHP 43, Sterlitech Corp., Kent, WA),
which were then filled with the DI water. Nitrogen was used to provide
the feed pressure of 0.69 bar for PVDF and PSf membranes and 2.1 bar
for PES membranes. The stirring rate was maintained at 350 rpm for
PVDF and PSf membranes, and at 1000 rpm for PES membranes. Pure
water permeance (AW, L/m2 h bar or LMH/bar) can be calculated using
the following equation [52]:

=A
Δp A ρ

dm
dt

1
. .W

m W (1)

where Δp is the trans-membrane pressure (bar), Am denotes the effec-
tive membrane area (cm2), ρW represents the density of water (g/cm3),
and dm/dt refers to the rate of permeated water (g/h) [53]. For the
modified membranes, the pure water permeance was determined ap-
proximately 48 h after modification.

BSA was selected as a model foulant to analyze the membrane
performance and to demonstrate the self-cleaning behavior of the sur-
face-modified membranes. 1 g/L BSA solution was prepared by dissol-
ving lyophilized BSA powder in PBS solution at a pH value of 7.4. The
water permeance of the modified membranes was measured using the
dead-end filtration system, while the feed water was replenished to
maintain the BSA concentration at 1 g/L.

To demonstrate the self-cleaning behavior of the PDA/AZO-coated
membranes, the membrane samples were placed under a 30W UV lamp
(λ=365 nm) (UVP LLC, Upland, CA) for the desired time. In this study,
one UV/vis cycle consists of exposing a membrane sample to UV light
for 5min and then visible light for 5min. Two kinds of UV treatment
were used, UV-3 and UV-6, where the number represents the number of
UV/vis cycles. Water permeance was determined before and after the
UV/vis cycles to elucidate the effect of self-cleaning on water per-
meance.

3. Results and discussion

3.1. Characterization of the PDA/AZO coating on model PSf dense films

To obtain accurate film thickness measurements, PSf dense films
were used as the model substrate instead of UF membranes [6]. Fig. 3
shows the effect of AZO concentration in the coating solutions and
coating time on the thickness of the coating layer. As shown in Fig. 3a,
the coating with 2 g/L dopamine for 2 h yields a thickness of 16 nm,
which is similar to those reported in the literature [6,37,53]. In-
troduction of AZO in the coating solution increases the thickness of the
coating layer. For instance, as the AZO concentration in the coating
solution increases from zero to 2 g/L (2-PDA/2-AZO-2 h), the thickness
of the coating layer increases from 16 nm to 37 nm, which also suggests
that the AZO content in the coating layer may increase to 57%.

Fig. 3b shows that increasing the coating time increases the layer
thickness of 2-PDA/2-AZO. A control experiment was also performed by
coating the PSf film with an only AZO solution. No increase in the film
thickness was observed after the surface modification. Thus, these re-
sults confirm that PDA can graft AZO to form robust coating layers
through the covalent and non-covalent bonding.

The coating layer on the surface of PSf thin films was characterized
using XPS for elemental information [6,54]. Fig. 4 presents the N 1 s
spectra of a virgin PSf film, a PDA coated, and a PDA/AZO coated PSf
film. The PSf film does not have N peak, while the PDA coated one
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shows an N peak, indicating a successful coating of PDA. The in-
troduction of AZO in the coating solution increases the N content in the
coating layer, which is consistent with the theoretical analysis that AZO
has 25% N and PDA has only 9% N. Increasing the AZO content in the
coating solution also increases the N content in the coating layer. Ad-
ditionally, the O content decreases from 27% for the PSf film to 24% for
the PDA coated one. The introduction of 1 g/L AZO in the coating so-
lution further decreases the O content to 18%. To put it into perspec-
tive, the theoretical O content in the PSf, PDA, and AZO is 12%, 18%,
and 0%, respectively. The measured O content in PSf is higher than the
theoretical value, presumably due to the formation of –OH bonds on the
surface of films. Both results of N and O confirm the successful coating
of PDA and AZO on the PSf thin films.

3.2. Characterization of the PDA/AZO coating on membranes

Fig. 5a and b display the SEM images of a pristine PSf UF membrane
and a PDA/AZO coated PSf membrane surface, respectively. The sur-
face coating decreases the porosity of the membrane surface, while a
substantial number of pores remain uncovered. This is consistent with

the hypothetical schematic of the surface modification shown in Fig. 2,
and the results reported in the literature [6,37,53]. While the quanti-
tative changes of pore size and porosity caused by the coating can be
modelled using water permeance and MWCO measurement [53], it
would be beyond the scope of this study to thoroughly investigate this
effect. Fig. 5c shows the surface of a PDA/AZO-modified PSf membrane
after being challenged with 1 g/L BSA solution. The presence of BSA on
the membrane surface was observed. However, after exposing the fo-
uled membrane surface to UV/vis cycles (UV-3), the BSA was removed,
as shown in Fig. 5d, confirming the self-cleaning behavior of the PDA/
AZO layer.

Fig. 6a presents the underwater contact angles of n-decane de-
termined using the captive bubble method for the modified PSf and
PVDF membranes. As expected, the PDA coating decreases the contact
angles, indicating the enhanced surface hydrophilicity [6,36,37]. The
addition of AZO in the coating solution further decreases the contact
angle, presumably due to the hydrophilicity of the AZO with amine
groups [55,56] and the change of surface morphology. However, due to
the lack of the information about the detailed structure of PDA, it is
impossible to directly compare the hydrophilicity between PDA and
AZO. Nevertheless, the consistent trends in the PSf and PVDF mem-
branes suggest the versatility of the approach to modifying membranes
with different surface chemistries. The hydrophilicity enhancement
seems to be less for PVDF than PSf because it is more challenging to
coat the fluorinated PVDF than PSf.

Fig. 6b presents the effect of the coating time on the contact angle
values for PSf membranes coated using PDA/AZO. Further increase in
the coating time has a negligible effect on the contact angles, though
the AZO content in the PDA/AZO layer increases with increasing
coating time. Additionally, the AZO concentration in the coating solu-
tion has a negligible effect on the contact angles. For example, when
AZO concentration increases from 1 to 2 g/L, the contact angle of the
modified PSf membranes hardly changes from 39° to 38°.

The sessile drop method was also used to measure the contact angles
of water to further illustrate the effect of surface modification on hy-
drophilicity. The pristine PSf membrane exhibits a contact angle of
78° ± 3°, whereas the PDA coated one has a contact angle of 52° ± 4°.
For the PDA/AZO modified one, the contact angle is further reduced to
39° ± 2°.

Fig. 3. The thickness of the coating layer (PDA or PDA/AZO) as a function of (a) AZO concentration in the coating solutions and (b) coating time.

Fig. 4. Comparison of XPS spectra of N 1 s for a virgin PSf film, a PSf film coated with 2 g/
L dopamine, and another two films coated with PDA/AZO for 2 h (i.e., 2-PDA/1-AZO and
2-PDA/2-AZO).

S.N. Ramanan et al. Journal of Membrane Science 554 (2018) 164–174

167



Fig. 5. SEM images of the surface for (a) a pristine PSf UF membrane, (b) PDA/AZO coated PSf membrane, (c) PDA/AZO coated PSf membrane after fouling test with 1 g/L BSA solution,
and (d) PDA/AZO coated PSf membrane after being challenged with 1 g/L BSA solution followed by exposure to UV/vis cycles for self-cleaning.

Fig. 6. (a) Effect of surface coating on the n-decane contact angles (determined using the captive bubble method) for PSf and PVDF membranes. (b) Effect of the coating time on the
contact angles of the PSf membranes coated with 2-PDA/2-AZO.
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3.3. Effect of the surface modification on pure water permeance

Fig. 7 displays the pure water permeance of the uncoated and
modified PSf and PVDF UF membranes. The pure water permeance
decreases with the surface coating. For instance, the PDA coating with
an estimated thickness of 16 nm on PSf membranes decreases the water
permeance from 1500 LMH/bar to 940 LMH/bar. In addition, the PDA/
AZO with a thickness of 37 nm decreases the water permeance to 650
LMH/bar. Although the surface modification increases the hydro-
philicity, the surface coating decreases the pore size and porosity and
thus water permeance. Similar behavior has also been observed for PES
UF membranes, where the PDA and PDA/AZO coating decreases the
water permeance from 12 LMH/bar to 3.8 and 3.5 LMH/bar, respec-
tively.

Fig. 7b shows the effect of AZO concentration in the coating solution
on pure water permeance of PSf membranes. As the AZO concentration
increases from 0 to 1 g/L in the coating solution, the water permeance
remains unchanged, though the coating layer thickness increases from
16 nm to 25 nm. This behavior can be ascribed to the enhanced surface
hydrophilicity when the AZO is introduced. In contrast, further increase
of AZO concentration to 2 g/L decreases the pure water permeance due
to the increased coating layer thickness and thus greater resistance. The
contact angles barely change as the AZO concentration increases from 1

to 2 g/L, as discussed in Section 3.1.
Fig. 7c illustrates the effect of coating time on the pure water per-

meance in PSf membranes. Interestingly, the PDA/AZO coating for
0.5 h does not decrease the water permeance, compared with the un-
coated membrane. This is likely due to the balanced effect of increased
hydrophilicity and transport resistance derived from the coating. Fur-
ther increase in the coating time reduces the water permeance caused
by the dominant adverse effect of the increased resistance to water
transport.

To test the stability of the PDA/AZO layer underwater, pure water
permeance tests were repeated for the modified PVDF membranes,
which were stored in DI water for approximately 9 months. The water
permeance decreases by less than 5% for the aged sample, compared
with the fresh sample, indicating the stability of the PDA+AZO layer on
the membrane surface. This result is also consistent with the literature.
For example, poly(ethylene glycol) amine (PEG-NH2) was graft on the
membrane surface through PDA, and the membrane was demonstrated
to be stable in a field test for treating flowback water from hydraulic
shale fracturing [57].

The ideal membranes should have high water permeance, low water
contact angle, and thick PDA+AZO layer to exhibit self-cleaning be-
havior. In this study, PSf membrane coated with 2-PDA/1-AZO-2 h were
selected for further evaluation. This modified membrane has balanced

Fig. 7. (a) Effect of surface coating on pure water permeance for PSf and PVDF UF membranes, and the effect of (b) AZO concentration in the coating solutions and (c) the coating time on
pure water permeance in PSf membranes.
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properties, including a pure water permeance of about 940 LMH/bar, a
contact angle of 37°, and a PDA/AZO layer thickness of 25 nm.

3.4. Photoresponsive behavior

3.4.1. Photoresponsive behavior of AZO in solutions
Fig. 8 displays the UV–Vis absorption spectra of 1mg/L AZO in DMF

upon exposure to UV and visible light. AZO displays a significant π-
π * transition band at 408 nm and a weak sub-band at 461 nm corre-
sponding to the overlap between the n-π * and the vibronic transition
bands [58,59]. AZO was exposed to the light of 400 nm and 490 nm
wavelengths to induce the π-π * transition and thus the isomerization
[60–63]. In the absence of UV light, AZO exists predominantly in the
trans form. As shown in Fig. 8a, when AZO is irradiated with the visible
light (λ=490 nm), the absorbance at 408 nm increases, confirming the
increased proportion of trans-AZO [42,61–64]. After 3min exposure to
the visible light, the magnitude of absorbance at 408 nm does not in-
crease further, indicating that the AZO attains trans-dominant photo-
stationary state. In contrast, when the AZO is irradiated with the UV
light (λ=400 nm), the absorbance at 408 nm decreases (Fig. 8b), in-
dicating the trans to cis transition [42,61–64]. The isomerization
reaches cis-AZO-dominant photostationary state after 3min exposure to
the UV light since the magnitude of absorbance at 408 nm levels off.

To illustrate the reversible switching behavior, the AZO solution
was irradiated with visible light for 3min, and then with UV light for
3min. This cycle was repeated for three times, and the resulting var-
iation in the absorbance at 408 nm as a function of time is depicted in
Fig. 9a. The absorbance consistently increases with the exposure to
visible light and then decreases with the exposure to UV light. The
pattern indicates the reversibility of the isomerization of the AZO,
which had also been reported for other azobenzene-based derivatives
[65–68].

3.4.2. Photoresponsive behavior of a coating layer of PDA/AZO
Fig. 9b demonstrates the photoresponsive behavior for a PSf thin

film coated with 2-PDA/1-AZO-2 h. The 2-PDA/1-AZO layer has a
thickness of 25 nm. The absorbance peak corresponding to π-π * tran-
sition is observed at λ=400 nm, which is slightly lower than that for
the AZO in DMF solution. This behavior could be due to the interactions
(such as the π-π stacking or hydrogen bonding) between the PDA and
AZO. Additionally, the PSf/PDA-AZO film attains photochemical equi-
librium after 5-min irradiation with visible or UV light. As shown in
Fig. 9b, the PSf/PDA-AZO film displays a reversible switching behavior

similar to that of AZO solution. The existence of the repeatable pattern
also signifies successful deposition of AZO on the PSf surface.

Another way to confirm the photoresponsive behavior is the contact
angles determined using the sessile drop method. The cis-AZO has
greater polarity than the trans-AZO and thus greater hydrophilicity.
Fig. 10a displays the contact angle values as a function of UV exposure
time for membranes coated with different AZO concentrations. As ex-
pected, the PDA coated PSf membrane does not show changes in the
contact angles due to the absence of photoresponsive property. How-
ever, for the PDA/AZO coated membranes, the UV exposure decreases
the contact angles. For example, for the 2-PDA/2-AZO coated mem-
brane, the UV exposure decreases the contact angle from 39° to 29°. On
the other hand, increase in the UV exposure time has minimal effect on
the contact angles. The decreased water contact angle indicates the
enhanced surface hydrophilicity as expected for the trans to cis transi-
tion. Similar changes in the contact angles of azobenzene-containing
surfaces in the presence of UV light have also been noted in the lit-
erature [42,43,65,69–72].

Fig. 10b presents the effect of UV exposure on the water contact
angles of 2-PDA/2-AZO coated PSf membranes for different coating
times. All modified membranes show a similar trend, i.e., UV exposure
decreases the water contact angle, which is again consistent with the
expected transition of trans-AZO to more hydrophilic cis-AZO.

3.5. Self-cleaning of the photo-mobile membrane surface

The self-cleaning behavior of the modified membranes was de-
monstrated by the repeated testing with pure water and 1 g/L BSA so-
lution. Fig. 11 depicts the relative water permeance (defined as the
ratio of the water permeance at any time to the initial pure water
permeance) as a function of operating time for the surface modified PSf
membranes. The membranes were tested in a dead-end filtration system
in the following order, pure water (labeled as W0), BSA solution (BSA1),
pure water (W1), UV/vis treatment, pure water (W2), and BSA solution
(BSA2). Fig. 11a shows the behavior of a PSf membrane coated with
2 g/L PDA as a baseline. Water permeance decreased when the mem-
brane was challenged with the BSA solution due to the BSA fouling. The
re-test with pure water recovers water permeance (as shown as W1).
The UV/vis cycle has not resulted in any appreciable improvement in
membrane performance due to the absence of photo-mobile AZO. A
slight increase in the pure water permeance for the membrane without
UV treatment caused by the removal of BSA on the membrane surface
when rinsing.

Fig. 8. Photoisomerization of 1 mg/L AZO in DMF upon exposure to the (a) visible light (λ=490 nm) and (b) UV light (λ=400 nm) as a function of exposure time.
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Fig. 11b displays the membrane performance and the self-cleaning
ability of 2-PDA/1-AZO-2 h coated PSf membrane. As expected, ex-
posure to BSA solution decreases water permeance, and the re-test with
pure water recovers the water permeance. The UV/vis exposure (3 or 6
cycles) significantly increases the pure water permeance (W2), and the
permeance during BSA fouling test (BSA2). However, if the membrane
is not exposed to the UV/vis cycle, there is no change in pure water
permeance (W2), and another test with the BSA solution further de-
creases water permeance. For instance, during the BSA2 test, the UV/vis
treated membrane (UV-3) has a relative water permeance of about 0.34
(i.e., 440 LMH/bar), while the membrane without exposure to UV/vis
cycles has a relative water permeance of about 0.12 (i.e., 170 LMH/
bar). In other words, the self-cleaned membranes show ~160% increase
in the water permeance. Additionally, there is no significant difference
in membrane performance between 3 and 6 cycles of UV/vis exposure.
The effect of “self-cleaning” on the fouling is also imaged using SEM
and shown in Fig. 5c and d. The absence of BSA on the surface of the

cleaned membrane demonstrates the advantage of PDA/AZO coating.
Similar experiments were performed on the PES UF membranes to

further demonstrate the self-cleaning behavior in the PDA/AZO layer.
As shown in Fig. 12a, the UV/vis treatment has a negligible effect on
the PES membrane coated with only PDA. When the membrane is
coated with PDA/AZO, the pure-water permeance (W2) recovers after
the UV/vis cycles. In addition, the water permeance with BSA solution
(BSA2) for UV/vis treated membrane is much higher than that of the
membrane without the UV/vis treatment (Fig. 12b). Both Figs. 11b and
12b demonstrate the successful incorporation of AZO on the membrane
surface through the bio-glue PDA and the consequent promising self-
cleaning properties of the employed technique.

4. Conclusion

This work demonstrates that photo-mobile 4,4′-azodianiline can be
co-deposited with bio-adhesive PDA onto UF membrane surface, which

Fig. 9. Reversible isomerization of AZO when exposed alternatively to visible light (λ=490 nm) and UV light (λ=400 nm) for (a) 1 mg/L AZO in DMF and (b) PSf thin films with a 25-
nm layer of 2-PDA/1-AZO coating.

Fig. 10. Water contact angles as a function of (a) AZO concentration in the coating solution (2-PDA/y-AZO-2 h) and (b) coating time for PSf UF membranes (2-PDA/2-AZO-zh). The
nomenclature of UV, UV5, and UV10 indicates the time for the contact angle measurement after UV exposure, which is very short time, 5 min and 10min, respectively.
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exhibits self-cleaning behavior and mitigates membrane fouling when
exposed to UV and visible light alternatively. The co-deposition of PDA
and AZO leads to a 10 – 50 nm thin layer on the solid portion of the
membrane surface without covering the pores. The thickness of the
coating layer increases with increasing coating time and AZO con-
centration in the coating solutions. The coating was verified using XPS
and SEM. Although the coating layer of PDA/AZO enhances surface
hydrophilicity, it decreases water permeance caused by the additional
resistance to water transport.

The reversible photoresponsive behavior of AZO in solution and thin
films with PDA was validated using UV–Vis absorption spectroscopy.
Upon exposure to UV light, the water contact angle of a PDA/AZO
coated PSf membrane decreases by 10°. During the fouling test, the
PDA/AZO modified membranes with UV treatment increased water
permeance by almost 160% compared with those without the UV ex-
posure. This validates the effectiveness of this photo-mobile material
for self-cleaning membrane surface. Because this facile one-step mod-
ification of membrane surface occurs in aqueous solution, it can be

readily applied as post-modification for membranes and modules.
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