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ABSTRACT: A facile method for fabricating antifouling and high-flux
nanofiltration (NF) membranes was developed based on bioinspired
polydopamine (PDA). Polyethersulfone (PES) ultrafiltration membrane as
the support was first deposited a thin PDA layer and then chemically modified
by a new kind of fluorinated polyamine via Michael addition reaction between
fluorinated polyamine and quinone groups of PDA. PDA coating significantly
reduced the pore sizes of the PES support membrane and endowed the NF
membrane with high separation performance (flux about 46.1 L/(m® h) under
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0.1 MPa, molecular weight cutoff of about 780 Da). The grafted fluorinated

polyamine on the PDA layer could form low free energy microdomains to impede the accumulation/coalescence of foulants and
lower the adhesion force between foulants and the membrane, rendering the membrane surface with prominent fouling-release
property. When foulant solutions (including bovine serum albumin, oil and humic acid) were filtered, the resultant NF
membrane exhibited excellent antifouling properties (the minimal value of total flux decline ratio was ~8.9%, and the flux
recovery ratio reached 98.6%). It is also found that the structural stability of the NF membrane could be significantly enhanced
due to the covalent bond and other intermolecular interactions between the PDA layer and the PES support.
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B INTRODUCTION

Membrane-based water treatment technologies have attracted
more interest in desalination and wastewater reclamation to
increase the supply of water."” Nanofiltration (NF), a rapidly
developing membrane separation technique, can effectively
retain some salts, bacteria, viruses, pesticides and other organic
contaminants from groundwater and wastewater streams.’
Apart from drinking water treatment, NF produces very high
quality permeate for irrigation or industrial applications such as
cooling water.* In the new generation MBR-based treatment
process, owing to its inherent advantages, NF has the potential
to replace reverse osmosis (RO) for producing high quality
water.” However, membrane fouling, due to settlement and
accumulation of foulants (microorganisms, proteins and other
organic molecules present in feed streams) on the membrane
surface®” would hinder wider applications of NF technology:
on one hand, uncontrollable membrane fouling would lead to a
loss of the membrane performance and thus increase the
operating pressure requirement and chemical cleaning
frequency to maintain the membrane performance; on the
other hand, the short lifespan of membrane due to the damage
of chemical cleaning would dramatically increase the main-
tenance cost of the membrane process.® Therefore, it is
essential to construct antifouling membrane surfaces that

decrease the adsorption/adhesion or increase the release of
adsorbed foulants.
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It is reported that membrane surface properties, such as
hydrophilicity, roughness and charge would affect the fouling
process.” To date, several methods have been developed to
reduce membrane fouling, such as coating or grafting functional
materials on the membrane,”° incorporating nanostructured
materials into the membranes'"'? and fabricating new
membranes with tailored chemistry."> Generally speaking, the
majority of efforts are devoted to enhancing the fouling-
resistant property of the membrane, that is to say, effectively
preventing foulants from depositing at membrane surface. To
the best of our knowledge, there is almost no public study
about improving the fouling-release property of NF mem-
branes.* Unlike fouling-resistant surfaces, the general idea of
the fouling-release surface is to reduce the adhesion force
between foulants and the surface for facilitating the removal of
foulants by a simple hydraulic cleaning."® Increasing the
fouling-release property should open a new door to tune the
antifouling characteristics of NF membranes.

Low surface free energy materials have been reported to
effectively enhance the fouling-release properties of the marine
coating or ultrafiltration membrane. In the existing literatures,
fouling-release coatings mainly include silicone-'*'” and

fluoropolymer-based binders,'® " which exhibit good fouling-
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Figure 1. Schematic diagram of preparation and surface fluorination for the PDA/PES composite membrane.

release properties due to their low surface free energy nature.””
The fouling-release surface utilized in the ultrafiltration
membrane field has also attracted much attention. Zhu et
al> blend a synthesized fluorine-containing additive polymer
(AP1) with polyvinylidene fluoride (PVDF) to obtain a novel
ultrafiltration membrane with low surface free energy, which
exhibited a good fouling-release property. In our previous
research, a “forced surface segregation” method is first
implemented to fabricate an ultrafiltration membrane with
low surface free energy.”* Fluorine-containing segments***’
and silicone segments, ¢ as low surface free energy segments,
are dragged onto membrane and pore surfaces by hydrophilic
segments during the immersion—precipitation operation step,
endowing the membrane with a superior fouling-release
property. These studies clearly reveal the potential of using
low surface free energy materials to combat surface fouling. No
parallel research reports can be found for NF membranes. Due
to the distinct differences of the membrane structure and
preparation method between the NF membrane and ultra-
filtration membrane, it is necessary to explore a facile and
generic approach for engineering a NF membrane with an
excellent fouling-release property.

Recently, polydopamine (PDA) coatings have drawn great
interest as a versatile ylatform for application in membrane
surface modification.”” > Besides the attractive adhesion
property of PDA,*! the quinone groups on PDA could react
with thiol compounds32 and nitrogen derivatives,>*** forming
new membrane surfaces with desirable properties. In this study,
the approach for preparing an antifouling NF membrane
involved simple dip-coating of the PDA layer onto a PES
ultrafiltration membrane (as the support), followed by
conjugation of fluorinated polyamine to the PDA layer through
Michael addition reaction. The PDA layer of the composite NF
membrane exhibited two functions (i) reducing the pore sizes
of PES support to reject dyes and (ii) providing reaction sites
for further modification. The fluorinated polyamine grafted on
the PDA layer was used to engineer a low free energy
membrane surface for enhanced fouling-release property. The
surface composition was analyzed by X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared spectros-
copy (FTIR). Scanning electron microscopy (SEM), atomic
force microscopy (AFM) and contact angles were used to
probe the morphology, roughness and hydrophilicity of the
prepared membrane, respectively. The separation properties of
the membranes were extensively tested by the filtration of dyes
and the measurement of molecular weight cutoff (MWCO)
using poly(ethylene glycol) (PEG). The structure stability and
the antifouling properties of the prepared membrane were also
investigated in detail.

B EXPERIMENTAL SECTION

Materials. Polyethersulfone (PES) ultrafiltration membranes with
MWCO 50 000 Da were supplied by the Development Center of
Water Treatment Technology (Hangzhou, China). Dopamine hydro-
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chloride was purchased from Yuancheng Technology Development
Co. Ltd. (Wuhan, China). Tris(hydroxymethyl)aminomethane (Tris)
was purchased from Sigma-Aldrich Chemical Co. The fluorinated
polyamine (C,F,;COONH(CH,CH,NH),CH,CH,NH,) was synthe-
sized by the condensation of perfluorooctanoic acid and triethylene-
tetramine as described in our previous study.'* Hydrochloric acid
(HCI) and humic acid (HA) were purchased from Kewei Chemical
Reagent Co. (Tianjin, China). Dyes including Congo red, Orange GII
and Methylene blue were also purchased from Kewei Chemical
Reagent Co. (Tianjin, China). Bovine serum albumin (BSA) and high-
speed vacuum pump oil (GS-1) as the two kinds of foulants were
obtained from Institute of Hematology, Chinese Academy of Medical
Science (Tianjin, China) and Beijing Sifang Special Oil Company
(China), respectively. Sodium dodecyl sulfate (SDS) as the emulsifier
in preparing the oil/water emulsion was purchased from Dingguo
Changsheng Bio-Technology Co. (Beijing, China). All chemicals used
in this study were not further purified. Water was deionized water at
pH 6.0.

Preparation and Modification of the Composite Membrane.
Dopamine solution (2.0 g/L) was prepared by dissolving 40 mg of
dopamine hydrochloride in 20 mL Tris—HCI buffer solution (50 mM,
pH 8.5). Circular pieces of PES ultrafiltration membrane (area of 28.7
cm?) were submerged in the dopamine solution and shaken at 25 °C
for a scheduled time (T). After that, the polydopamine coated
membranes, named PDA/PES composite membrane, were taken out
and rinsed in deionized water for 2 h (completely replaced with
freshwater every 30 min) to remove most residual weakly bound
polydopamine. The PDA/PES composite membrane was dried at 40
°C in a vacuum oven for 10 min and then further modified by graftin%
fluorinated polyamine with the method described in the literature.”
Briefly, fluorinated polyamine was dissolved in a 10 mM Tris—HCI
buffer solution (pH 8.5) and heated to 60 °C. The concentration of
fluorinated polyamine ranged from 1.0 to 5.0 g/L. This solution was
poured into a 100 mm diameter Petri plate and the PDA/PES
composite membrane was floated, PDA-modified side down, on the
fluorinated polyamine solution for a scheduled time in an oven at 60
°C. Then the fluorinated PDA/PES composite membrane was taken
out and stored in deionized water before use. Figure 1 is the schematic
diagram of the preparation and surface fluorination of the PDA/PES
composite membranes. The fluorinated PDA/PES composite
membranes were designated as Fm-PDA/PES, where the m indicates
the fluorinated polyamine concentration of m g/L.

Characterization of the Composite Membrane. The surface
morphology of the composite membrane was observed by SEM
(Nanosem 430). The samples were gold-sputtered before SEM
analysis. AFM (Nanoscope IIIA) was used to measure the roughness
of the membranes and the measurement was performed in the tapping
mode in air atmosphere. FTIR (Bruker Vertex 80 V) was used to
investigate the chemical structure of the membranes. The spectra were
collected at the spectral regions 400—4000 cm ™" with a resolution of 4
cm™. The experiments ran with air as the background and all the
spectra were baseline corrected. An XPS (PHI-1600) instrument using
Al Ko (1486.6 eV) as the radiation source was used to analyze the
surface chemical composition of the membrane. The takeoff angle of
photoelectron was set at 90° (the measured depth near 10 nm) and
the survey spectra were 0—1100 eV. The static contact angle
measurements of the membrane surfaces were conducted at 25 °C
by a contact angle goniometer (JC2000C, Shanghai, China). Water,
glycerol and diiodomethane were selected as test liquids to measure
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the static contact angle. At least five measurements on each membrane
were performed and the data were averaged to get a reliable value.
Lifshitz—van der Waals acid—base model (three-liquid model) was
used to calculate surface free energy (y) of the membrane, which was
expressed as follows:

w

RN

(1)

7 (1 + cos 0) = 2(\/ Y+ \/y:yL’ + \/}/S’y;) )
In these equations, € is the Young contact angle and i is denoted as
either a solid (S) or a liquid (L) phase.yt", 7/ and y; (mJ/m?) were
the Lifshitz—van der Waals and acid and base components,
respectively.

Separation Performance of the Composite Membrane. The
separation performance tests of the PDA/PES composite membrane
and the fluorinated PDA/PES composite membrane were conducted
at 0.10 MPa and a temperature of 25 + 1 °C with a dead-end stirred-
cell filtration system. The system consisted of a filtration cell (effective
area 28.7 cm? model 8200, Millipore Co.), a solution reservoir (with
volume of 1.0 L) and a nitrogen gas cylinder. The operation pressure
was maintained by nitrogen gas in the system. Deionized water and
deionized water containing 100 mg/L dyes (including Orange GII,
Congo red, and Methylene blue) were utilized as the feed for testing
the pure water flux and dye retention performance. Deionized water
with poly(ethylene glycol) (PEG) of different molecular weights (200,
400, 600, 1000 and 2000 Da) were chosen as model solutes in the
filtration experiments to test the MWCO of the fluorinated PDA/PES
composite membrane. The feed pH in the tests was about 6.0 + 0.2.

All the membrane samples were pressurized at 0.15 MPa with
deionized water for stable membrane before test. After that, the
pressure was lowered down to 0.10 MPa and water flux J,,; (L/(m*h))
was calculated according to eq 3:

\4

S = AAt

©)
where V, A and At represent the volume of permeated water, the
membrane area and the permeation time, respectively. The retention
performances were measured with dye aqueous solutions or deionized
water with PEGs and the observed solute rejection rate (R) was
calculated from the following equation:

CP
R=|1-—2|x 100%
Cf

(4)

where C, and C; are the solute concentrations in permeate and feed,
respectively. Dye concentrations were determined by measuring
absorbance of dye with a UV—Vis spectrophotometer (UV-2800,
Hitachi Co., Japan). The wavelength was set at the maximal absorption
wavelength of Orange GII, Congo red, and Methylene blue (485, 490
and 660 nm, respectively) in filtration of the corresponding solution.
PEG concentrations were determined by measuring absorbance at 535
nm after iodine complexation with a UV—Vis spectrophotometer.®> All
results presented are average data from three samples of each
membrane type.

The structural stability of the fluorinated PDA/PES composite
membrane (F3-PDA/PES) was examined by alcohol treatment. F3-
PDA/PES membrane was immersed in absolute alcohol for 24, 48, 72,
96, 120 and 144 h to let the PES support fully swell. Then, the swollen
F3-PDA/PES membrane was taken out and fully washed with
deionized water to remove remaining alcohol. The water flux and
rejection of Orange GII were measured before and after alcohol
treatment through the aforementioned methods, and the stability of
F3-PDA/PES membrane was evaluated according to the extent of
performance deterioration after alcohol treatment.

Antifouling Properties of the Composite Membrane. To
characterize the antifouling properties (including fouling-resistant and
fouling-release properties) of the PDA/PES and the F3-PDA/PES
membrane, three kinds of model foulant solutions were used in the
listed order: oil/water emulsion (GS-1, 1000 ppm; SDS as emulsifier,
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100 ppm), HA aqueous solution and BSA aqueous solution (1000
ppm; dissolving 1 g HA or BSA in 1L deionized water). The long-time
antifouling experiment mainly included three steps: the pure water flux
Ju1 (L/(m? h)) was first measured at a transmembrane pressure of 0.1
MPa for 2 h. Then, the solution reservoir and filtration cell were
emptied and refilled rapidly with deionized water and foulant solution,
respectively. The flux for foulant solution J, (L/(m?h)) was measured
under 0.1 MPa for 24 h. In the third step, the fouled membranes were
washed for 30 min with deionized water, and the pure water flux of
cleaned membranes J,, (L/(m* h)) was measured.

Several indexes, including the flux recovery ratio (FRR), total flux
decline ratio (DR,), reversible flux decline ratio (DR,) and irreversible
flux decline ratio (DR,,), were used to evaluate the antifouling property
of the membrane. They were defined as follows:

FRR = &] X 100%
wl (5)
Jor =7,
DR, = X 100%
i (6)
Jo =]
DR, = | 222 x 100%
wl (7)
DR, = [@] X 100%
wl (8)

The lower DR, and higher FRR values of the membranes
represented a better antifouling property. The lower DR; denoted
that the foulants were easily swept away from the membrane surface by
water washing.

B RESULTS AND DISCUSSION

Surface Morphologies of the Composite Membranes.
Dopamine could polymerize to form thin adherent PDA
coatings on any surface, including organic and inorganic
surfaces.” According to the published literature,””*® dopamine
was easily oxidized by the dissolved oxygen of solution at
alkaline pHs, generating S5,6-dihydroxyindole (DHI) via
intramolecular oxidation. Then DHI underwent oxidative
polymerization and noncovalent self-assembly to produce
PDA particles and aggregates, which were then deposited on
the substrate surface, forming a continuous PDA film on the
substrate.”” The surface morphologies of the PES support,
PDA/PES, F3-PDA/PES and FS5-PDA/PES membranes are
shown in Figure 2. Figure 2a shows the relatively smooth
surface of the PES support and some pores, whose diameter
were about 10—20 nm, were observed (Figure 2a’). However,
the pores were almost invisible (Figure 2b’) and some particles
appeared on the PDA/PES membrane surface (Figure 2b).
These results were attributed to the deposited PDA particles on
the pore walls as well as on the surface of the PES support,
forming a PDA coating on the support and drastically reducing
the pore sizes. Jiang et al.*” and Wei et al.>® also observed the
analogous nanoparticles in their previous reports. The particles
and aggregates were incorporated into the PDA film by
covalent bonding, 7 stacking and other noncovalent inter-
actions.>® Figure 2c,d shows the images for F3-PDA/PES and
F5-PDA/PES membrane, respectively. Figure 2¢’,d" shows the
high resolution images for F3-PDA/PES and F5-PDA/PES
membranes, respectively. Compared with PDA/PES composite
membrane, the surface was much smoother after grafting
fluorinated polyamine.
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Figure 2. Surface SEM morphology of (a) PES, (b) PDA/PES, (c) F3-
PDA/PES and (d) F5-PDA/PES membranes. Panels a’, b’, ¢’ and d’
are the high resolution images of surface for PES, PDA/PES, F3-PDA/
PES and F5-PDA/PES, respectively.

AFM was used to examine the surface roughness of the
membrane in this study. The 4 X 4 ym three-dimensional AFM
images and the average roughness of PES support, the
composite membranes with and without modification are
shown in Figure 3. The mean roughness (Ra) increased from
34 + 0.3 nm of PES support to 8.1 + 0.8 nm of PDA/PES
composite membrane due to the deposited PDA nanoparticles
on the membrane surface. The mean roughness (Ra) decreased
from 8.1 + 0.8 nm (PDA/PES) to 6.7 + 0.6 nm (F3-PDA/
PES) and 5.0 + 0.6 nm (FS-PDA/PES) after grafting
fluorinated polyamine onto the PDA/PES composite mem-
brane, which was possibly attributed to the presence of
fluorinated polyamine within the concavities of the PDA/PES
membrane surface. These results were consistent with
qualitative SEM observations.

Chemical Structures and Compositions of the
Composite Membranes. Figure 4 exhibits the FTIR spectra
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of the PES support, PDA/PES, F1-PDA/PES, F3-PDA/PES
and FS-PDA/PES membranes. As observed from FTIR spectra
of Figure 4, the PDA/PES membrane showed very similar
FTIR spectra compared with the PES support, except the two
distinct bands at about 1516 and 1660 cm™". The peaks at 1516
and 1660 cm™' were in correspondence to the N—H
deformation vibration and C=C stretching vibration in
polydopamine, respectively, indicating the PDA layer had
been successfully fixed onto the PES membrane. Compared
with the PDA/PES composite membrane, the FTIR spectra of
the fluorinated composite membranes (F1-PDA/PES, F3-
PDA/PES, FS-PDA/PES) showed another new peak at 1361
cm™'. This peak was corresponding to the C—F stretching
bands, confirming the fluorinated polyamine had been
immobilized on the PDA/PES composite membrane surface.

Furthermore, XPS analysis was used to determine surface
compositions of the membranes. The XPS spectra of PES
support, PDA/PES, F3-PDA/PES and F5-PDA/PES mem-
branes are presented in Figure S and the XPS data of element
contents on the membrane surface are given in Table 1.
Compared with PES support, the new nitrogen element
appeared on the spectrum of the PDA/PES composite
membrane, which was attributed to the PDA layer containing
amino groups (the source of nitrogen element). The F 1s peak
at 687.0 eV appeared on the fluorinated composite membrane
(F3-PDA/PES, F5-PDA/PES) demonstrated that the fluori-
nated polyamine was successfully grafted onto the PDA layer.
Figure Sb presents a high-resolution XPS spectrum of C 1s and
curve fitting of the F3-PDA/PES membrane. The C 1s of the
F3-PDA/PES membrane could be resolved into five peaks at
binding energies of 284.6, 285.7, 287.3, 291 and 2932 eV,
which were attributed to C—C, C—N (C—0), C=0, CF,
and CF;, respectively. The fluorinated polyamine was the only
source of CF, and CF; which further indicated that the
fluorinated polyamine had been successfully grafted onto the
PDA layer. Table 1 shows that the atom percentage of sulfur
declined from 2.5% of PES support to 1.1% of PDA/PES
composite membrane and the atom percentage of nitrogen was
4.0% on surface of PDA/PES composite membrane, confirming
the PDA layer was covered on PDA/PES composite
membrane. The appearance of sulfur on PDA/PES composite
membrane could be interpreted that the thickness of the PDA
layer was less than the detection depth of XPS measurements
(~10 nm) in this study. The thickness of the PDA layer agreed
well with that reported by Zangmeister et al.>* The atom
percentage of fluorine rose from 26.5% of F3-PDA/PES to
27.4% of FS-PDA/PES, suggesting that the amount of grafted
fluorinated polyamine increased slightly after the concentration
of fluorinated polyamine reached 3.0 g/L.

The surface hydrophilicity of the PDA/PES composite
membrane and all the fluorinated PDA/PES composite
membranes were confirmed by static water contact angle
measurements, as shown in Table 2. The PDA/PES composite
membrane had a low contact angle of 43.5°, corresponding to
high hydrophilicity. After fluorinated polyamine was grafted
onto the PDA/PES composite membrane surface, the contact
angles were remarkably increased from 43.5° to 87.0° for the
F5-PDA/PES membrane. The high contact angle value of the
F5-PDA/PES membrane was due to the hydrophobic nature of
grafted perfluoroalkyl groups. The surface free energy (y)
calculated using the three-liquid model, as well as dispersive
(#°) and polar components (y°) expressed by Owens and
Wendt,*° are also given in Table 2. Table 2 summarizes the
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Figure 3. AFM morphology of (a) PES, (b) PDA/PES, (c) F3-PDA/PES and (d) FS-PDA/PES membranes.
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Figure 4. FTIR spectra of PES, PDA/PES, F1-PDA/PES, F3-PDA/
PES and FS-PDA/PES membranes.

obvious decrease of 7, along with y° and y”, for the fluorinated
PDA/PES composite membrane compared with the PDA/PES
composite membrane. For example, the surface free energy (y)
decreased from $6.5 mJ/m’ for the PDA/PES composite
membrane to 27.4 mJ/m* for the FS-PDA/PES membrane.
The values of surface free energy lay in the low adhesion zone
according to the “Baier curve”. ! Hence, the low surface free
energy property would endow the fluorinated PDA/PES
composite membranes with good fouling-release properties
due to the minimal adhesion propensity and reduced
opportunities for the interfacial molecular interactions between
foulants and membrane surface.'>*>*

Separation Performance of the Composite Mem-
branes. Because the preparation conditions greatly influenced
the permeability of the composite membranes, a series of
experiments was implemented to optimize the conditions for
the preparation of the thin active layer, such as dopamine
polymerization time, grafting reaction time and fluorinated
amine concentration. The effect of dopamine polymerization
time on the performance of PDA/PES composite membrane
was first studied. As shown in Figure 6, water flux was
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membrane and (b) high-resolution XPS spectrum of C 1s region of
F3- PDA/PES membrane.

dramatically decreased from 81.6 to 15.1 L/(m* h) and the
Orange GII rejection was increased from 38.5% to 76.7% with
increasing dopamine polymerization time from 15 to 180 min.
It is proposed that the dopamine polymerization time exerted a
pronounced influence on the structure of the PDA layer. From
the perspective of the PDA formation mechanism, the quinone
groups of oxidized dopamine and the primary amino groups of

dx.doi.org/10.1021/am405990g | ACS Appl. Mater. Interfaces 2014, 6, 5548—5557
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Table 1. Surface Elemental Composition of PES, PDA/PES,
F3-PDA/PES and F5-PDA/PES Membranes

surface elemental composition (mol %)

membrane C (@) S N F
PES 70.4 27.1 2.5
PDA/PES 68.9 25.5 1.1 4.5
F3-PDA/PES 52.3 132 0.6 7.4 26.5
FS-PDA/PES 50.9 12.8 0.1 8.8 274

Table 2. Water Contact Angles and Surface Free Energy
Parameters of the Pristine Composite Membrane and the
Fluorinated Composite Membrane

surface free energy

(mJ/m?’)
membrane water contact angle (deg)” y 7° Y
PDA/PES 435 S65 452 113
F1-PDA/PES 80.3 310 215 9.5
F2-PDA/PES 82.1 303 196 107
F3-PDA/PES 83.5 28.2 17.0 11.2
F4-PDA/PES 85.3 28.1 15.6 12.5
FS-PDA/PES 87.0 27.4 15.0 12.4

“The error in contact angle measurement was no more than 2°.
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Figure 6. Effect of dopamine polymerization time on the performance

of PDA/PES composite membrane (experiments performed at 0.1
MPa, using 100 mg/L Orange GII solution as feed).

dopamine could form PDA network through Schiff base
formation and/or by Michael type addition.** Increasing
polymerization time resulted in a thicker and more compact
PDA layer, which dominated the separation performance of
composite membrane. According to the results shown above,
the polymerization time was fixed at 60 min in the following
experiments. The membrane prepared in this condition
possessed a flux of 46.1 L/(m?* h) under 0.1 MPa and Orange
GII rejection ratio of 64.9%.

After polymerization for 60 min, the PDA/PES composite
membrane was submerged in the fluorinated polyamine
aqueous solution with content of 5.0 g/L at 60 °C for a
scheduled time varying from 0.5, 1, 2, 3 to 4 h. The influence of
grafting time on the performance of the composite membranes
is given in Figure 7. The decrease of the water flux from 46.1 to
40.0 L/(m* h) showed that grafted fluorinated polyamine on
the composite membrane would hinder the pass of water due to
the increase of membrane resistance. The little variation of
Orange GII rejection suggested that the grafted fluorinated
polyamine did not greatly impair rejection performance of the
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Figure 7. Effect of grafting reaction time on the performance of
modified PDA/PES composite membrane (experiments performed at
0.1 MPa, using 100 mg/L Orange GII solution as feed).

membrane with increasing the grafting time. The reason is
presumably that the structure of PDA layer was not significantly
changed by grafting fluorinated polyamine onto the PDA/PES
membrane. Hence, the grafting time was fixed at 1 h in the
following study.

Effect of fluorinated amine concentration on the separation
performance of composite membranes was studied and is
presented in Figure 8. The permeate flux of the composite
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Figure 8. Effect of fluorinated polyamine concentration on the
performance of modified PDA/PES composite membrane.

membrane was decreased from 46.1 L/(m” h) of PDA/PES to
44.1, 43.5, 43.1, 43.9 and 41.6 L/(m* h) with an increase of
fluorinated amine concentration from 0 to 1.0, 2.0, 3.0, 4.0 and
5.0 g/L. The decrease of flux could be attributed to the increase
of membrane mass-transfer resistance after grafting fluorinated
polyamine. However, the rejections of the composite
membrane to Methylene blue, Orange GII and Congo red
only exhibited slight fluctuations with the increase of the
fluorinated polyamine solution concentration, which further
affirmed that the surface grafting did not affect the rejection of
composite membrane in this study. The mean rejections of the
studied composite membrane to different dyes followed the
order of Congo red (99%, Myy: 696) > Orange GII (64%, My
452) > Methylene blue (50%, M: 320).

The separation performance of a membrane can be also
expressed by its molecular weight cutoff. In this study, the
MWCO value of the F3-PDA/PES membrane was taken by
molecular weight of PEGs that were rejected by this membrane
to 90%. Figure 9 illustrated the observed rejection ratio of the
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Figure 9. PEG rejection as a function of molecular weight for the F3-
PDA/PES membrane tested with 50 mg/L PEG aqueous solution at
0.1 MPa and 25.0 °C.

studied membrane (F3-PDA/PES) to the five different PEGs
(200, 400, 600, 1000 and 2000 Da) under 0.1 MPa. The
MWCO of the F3-PDA/PES membrane was around 780 Da,
which was in the range of nanofiltration. It should be noted that
the flux of resultant membranes ranged between 40 and 46 L/
(m* h) under 0.1 MPa, roughly 2—4 times higher than that of
the nanofiltration membranes with similar MWCO.*™*® The
composite membranes with high fluxes have potential
applications in texile wastewater treatment and other fields.

Antifouling Properties of the Composite Membranes.
During the membrane filtration process, the reversible foulant
deposition or concentration polarization and the adsorption or
direct attachment of foulants on membrane surface could lead
to severe membrane fouling and drastic flux decline. Three
foulants were selected (BSA as a representative protein, HA
representing natural organic matter and oil as a representative
hydrocarbon) to examine the antifouling properties of the
PDA/PES composite membrane and the fluorinated PDA/PES
composite membrane. Because the foulants involved in this
study (larger than the pores of the composite membrane) could
not penetrate into the membrane pores, they would only cause
surface fouling.

The time-dependent normalized flux variations of PDA/PES
and F3-PDA/PES membranes during BSA solution filtration
are presented in Figure 10. In the initial operation, the buildup
of the concentration polarization layer caused by consolidation
and aggregation of solute and severe membrane fouling caused
by deposition and adsorption of BSA led to a drastic flux
decline. In the subsequent operation, a stable flux was obtained
due to the equilibrium of deposition and resuspension of the
solute, which was attributed to the rigorous stirring near the
membrane surface. Finally, the flux of cleaned membrane
(washed with deionized water) was recovered to a certain
extent. As shown in Table 3, the DR, value of the PDA/PES
composite membrane was 42.6% (DR, about 1.2%, DR;, about
41.4%) and the FRR value of the PDA/PES composite
membrane was 58.6%. The marked irreversible flux decline
indicated serious membrane fouling took place during BSA
filtration process and that the adsorbed BSA was difficult to
remove from the membrane surface by simple hydraulic
cleaning. Compared with PDA/PES composite membrane,
the F3-PDA/PES membrane showed larger FRR, which was
94.5%. The DR,, DR, and DR, values decreased to 12.7%, 7.2%
and 5.5%, respectively. The enhanced antifouling performance,
especially the fouling-release property of fluorinated PDA/PES
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Figure 10. Time-dependent normalized flux for PDA/PES and F3-
PDA/PES membranes during the filtration of BSA, HA and oil
solution. The nanofiltration process included four steps: pure water
filtration, foulant filtration of fresh membranes, water cleaning of
membranes (not shown), and pure water filtration of pure water
cleaning membranes. Nanofiltration was carried out at a temperature
of 25 °C and the operation pressure was 0.1 MPa.

Table 3. Antifouling Indexes (DR, DR,, DR;, and FRR) of
the composite membrane during BSA, HA solution and oil/
water emulsion filtration measurements

BSA HA oil

E3- E3- E3-
antifouling PDA/ PDA/ PDA/ PDA/ PDA/ PDA/
indexes (%) PES PES PES PES PES PES
FRR 58.6 94.5 724 98.6 69.4 93.4
DR, 42.6 12.7 324 8.9 322 20.0
DR, 1.2 7.2 4.8 7.5 1.6 134
DR, 414 55 27.6 14 30.6 6.6

membrane was closely related to the low surface free energy of
the membrane, which could effectively combat biofouling on
the membrane surface.*

During filtration of the oil/water emulsion, severe flux
decline and poor flux recovery of PDA/PES membrane were
observed. The corresponding DR, was as high as about 32.2%
(DR, about 1.6%, DR;, about 30.6%) and FRR value was 69.4%.
After fluorination treatment, the F3-PDA/PES membrane
exhibited reduced level of fouling (DR, 20.0%) and increased
flux recovery (FRR about 93.4%). The DR, value was only
6.6%, indicating that simple hydraulic cleaning could easily
remove most of the adsorbed and deposited oil droplets on the
membrane surface. We could conclude that the oil release
property was considerably improved after grafting fluorinated
polyamine onto the PDA/PES composite membrane surface.
The remarkable alleviation of irreversible flux decline could be
ascribed to the low surface free energy microdomains (forming
by fluorinated polyamine) on the fluorinated PDA/PES
composite membrane and the moderate shear force. The
former prevented the coalescence/migration of oil droplets and
the latter could sweep oil droplets away from the membrane
surface.”

Figure 10 shows that the PDA/PES composite membrane
underwent serious fouling and poor flux recovery during
filtration of the HA solution. The corresponding DR, reached
to a high level, about 32.4% (DR, about 4.8%, DR, about
27.6%) and FRR value was 72.4%. After fluorination treatment,
the F3-PDA/PES membrane exhibited only 8.9% total flux
decline and the irreversible flux decline ratio was merely 1.4%
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in the 24 h filtration of HA solution. The F3-PDA/PES
membrane maintained about 98.6% permeation flux after 30
min water washing. The fairly improved antifouling property
could be also attributed to the low surface free energy
microdomains of the F3-PDA/PES membrane, which facilitated
the release of adsorbed or deposited HA molecular on the
membrane surface. In this study, foulants (BSA, oil, HA) were
much easier to be evicted away from the Fm-PDA/PES
membranes surface, thus endowing those membranes with
improved antifouling performance.

Structural Stability of the Composite Membranes.
According to the previous report,®® alcohol could swell the PES
support but not seriously destroy its structure. The swelling of
the support would cause the active layer of composite
membranes to be detached from the support and, consequently,
damage the separation performance.”’ To examine the
structural stability of prepared composite membrane, the F3-
PDA/PES membrane without/with alcohol treatment for
various periods was tested with a 0.1 g/L Orange GII aqueous
teed.

As shown in Figure 11, water flux and Orange GII rejection
of the F3-PDA/PES membrane had a little variation after
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Figure 11. Effect of alcohol treatment on the performance of F3-
PDA/PES membrane (experiments performed at 0.1 MPa, using 100
mg/L Orange GII solution as feed).

alcohol treatment for 144 h. The F3-PDA/PES membrane
preserved the separation performance: water flux under 0.1
MPa was 43.4 L/(m* h) and rejection of Orange GII was 64%.
The result evidently suggested that the F3-PDA/PES
membrane had a good durability under alcohol treatment. It
was speculated that the good structural stability of the resultant
composite membrane was closely related to the strong adhesion
between PDA and the PES support, achieved via covalent bond
and other strong intermolecular interactions.’> Robust and
multiple interfacial binding forces between the support and the
active layer (PDA layer) would enhance the interfacial
compatibility and raise the structural stability of the composite
membrane.

B CONCLUSIONS

A facile method for fabricating antifouling and high-flux
nanofiltration membranes was developed enabled by polydop-
amine (PDA). Polyethersulfone (PES) ultrafiltration membrane
as the support was first deposited a thin PDA layer and then
chemically modified by fluorinated polyamine via Michael
addition reaction to prepare a composite NF membrane. PDA
played the following two important roles: (1) reduced the pore
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sizes of PES support membrane, rendering membranes
improved pore structure and (2) provided the active cites for
fluorinated polyamine grafting to form low free energy
microdomains onto membrane surface, rendering membranes
improved surface structure. When using BSA, HA and oil as
three model foulants, the composite NF membrane exhibited
excellent antifouling properties, particularly the fouling-release
property. During filtration of dye solution, the membranes
acquired rejection of Congo red above 99% with a flux about 46
L/(m*h) under 0.1 MPa. After alcohol treatment for 144 h, the
composite NF membrane exhibited good structural stability
due to the strong and multiple interactions between the PDA
layer and PES support.
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