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a b s t r a c t
Cells have inherent anti-fouling properties. The mechanisms underpinning these natural properties inform the
design of an anti-biosorption coating for a polyethersulfone microﬁltration membrane, which includes
polydopamine and chitosan layers. This tri-layered membrane is created using quick and easy synthesis method.
Its ability to resist bio-adsorption and membrane extracellular polymeric substances (EPS) formation is investigated using the bacterium E. coli (ATCC 11775, 1.5 × 107 CFU/mL). In addition, the proliferative bio-adsorption
process is explored on the microﬁltration membrane surface, using natural water under static and shaken conditions, while monitoring the bio-adsorption kinetics and EPS dynamic changes. The characterization results show
that the modiﬁcation by polydopamine and chitosan change the membrane surface morphology and increase its
hydrophilicity. After 10 min dipping in 5 g/L chitosan solution, the pure water ﬂux of the modiﬁed membrane is
5469 ± 30 L/(m2·h) (0.2 bar) and the contact angle decreases to 36.7 ± 1.0°, compared with 9889 ± 23 L/(m2·h)
(0.2 bar) and 60.3 ± 1.5° for the unmodiﬁed polyethersulfone membrane, respectively. In proliferative bioadsorption tests, the modiﬁed membrane is shown to decrease bio-adsorption by 0.4–2.3 orders of magnitude.
However, no antimicrobial function is observed, probably due to the alkaline environment and insufﬁcient functional amino groups. A series of linear and non-linear kinetic models is applied to ﬁt the proliferative bioadsorption process. The pseudo-second-order model is found to describe the proliferative bio-adsorption process
best. Neither total organic carbon (TOC) nor protein is detected on the modiﬁed membrane surface. In contrast,
on the unmodiﬁed PES membrane the ratios of protein/TOC (%), TOC/abundance ((μg/cm2)/CFU (log)) and protein/abundance ((μg/cm2)/CFU(log)) are 10%–16%, 0.17–0.28 and 0.02–0.04, respectively. No signiﬁcant difference (p > 0.05) is found between static and shaken conditions. All these results point to improved antibiosorption properties for water treatment applications, encouraging further studies on this membrane.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
Membrane technology is an energy-friendly separation technology
for water ﬁltration, however, fouling of the membrane is a persistent
concern (X. Li et al., 2017; Tijing et al., 2015; Zhang et al., 2016). Membrane fouling occurs due to full or partial pore blocking, and cake formation on the membrane surface. As a result, the ﬁltration ﬂux decreases,
and membrane performance subsequently declines (Gao et al., 2011).
Usually, the foulants can be grouped into particulates (e.g. undissolved
particles), organic (e.g. humic acids), inorganic (e.g. coagulant residues)
and biofoulants (e.g. bacteria, algae). Recently, new types of foulants,
such as transparent exopolymer particles, have also aroused researchers' interest (Meng et al., 2020; Wang et al., 2020). In real practice, fouling is due to a complex combination of various foulants (Guo
et al., 2012). Among the various types of foulants, biofoulants stand
out, because of their proliferative property (Zhang et al., 2016). During
biofouling, planktonic microbes attached to the membrane surface secrete extracellular polymeric substances (EPS), the major components
of which are proteins and carbohydrates (Kochkodan and Hilal, 2015;
Wang et al., 2010a). The EPS anchor the cells onto the membrane, inducing additional microbial colonization on the membrane surface, giving
them an important role in the process of biofouling (Nguyen et al.,
2012). Meanwhile, microbes surrounded by EPS proliferate, and a bioﬁlm grows on the membrane. Unlike other types of foulants, even if
99.9% of biofoulants are removed, the remaining microorganisms can
still multiply over time, using biodegradable substances in the feed
water. Because of this particularity, biofouling is also referred to as the
‘Achilles heel’ of the membrane process (Mansouri et al., 2010;
Nguyen et al., 2012).
Biofouling can be controlled by water pretreatment (e.g. the Fenton
process or coagulation) and membrane modiﬁcation (e.g. surface coating or grafting) (Kang and Cao, 2012; Liang et al., 2016; Yu et al.,
2016b). To make membranes antimicrobial, some researchers have carried out studies using on-surface (e.g. quaternary ammonium salt) or
off-surface (e.g. silver ion) modiﬁcation strategies (Zhang et al., 2016,
2018). Although effective, such methods employing toxic reagents
pose potential risks to the downstream efﬂuent. Some antibacterial
agents (e.g. carbon-based nanomaterials) may inhibit the growth of microbes, without releasing agents (Manawi et al., 2016), but are not so
cost-effective. For a membrane to be anti-fouling, it is widely accepted
that increased hydrophilicity is beneﬁcial (Li et al., 2014).
In recent years, inspiration to improve membranes' anti-fouling
properties has been drawn from nature, such as from the glomerular
complex in the kidney (Mohamed et al., 2020), which is remarkably resistant to fouling. Another example comes from natural cell membranes,
the anti-fouling strategy of which is non-speciﬁc fouling resistance, due
to a “force balancing” mechanism (Coppens, 2012; Perera and Coppens,
2019). This strategy combines two effects: the hydration layer effect and
steric hindrance. On the one hand, the hydrophilic phospholipid heads
and polymer brushes (e.g. glycoproteins) outside the cell membrane
are covered by a hydration layer on the surface, caused by hydrogen
bonding or ionic solvation, preventing the non-speciﬁc adsorption of
pollutants by the free energy variation, itself arising from dehydration
entropic effects (Zhang et al., 2016). On the other hand, adsorption of
foulants leads to compression of the surface glycoproteins and other
polymer brushes, which restrains their freedom to move. Then, the
Gibbs free energy increases and polymer chains tend to recover to the
swelling state, which stops the foulants from touching the membrane
surface (He et al., 2016; Holland et al., 1998). This anti-fouling strategy
resisting the non-speciﬁc adsorption of foulants can inspire the design
of membranes used in water treatment, in order to tackle complex pollutants (Fig. 1).
Polyethersulfone (PES) is a common membrane material with good
mechanical strength and chemical stability, but it is not hydrophilic
enough (Zhang et al., 2014). Inspired by the natural cell membrane,
the anti-adsorption property of the PES surface may be improved, if it

is modiﬁed to become more hydrophilic. Chitosan (CS) is a weak base
produced from crustaceans. Because of the amino and hydroxyl groups
in its chains, hydrophilic CS molecules can form a hydration layer
through hydrogen bonds and enhance the hydrophilicity of the membranes modiﬁed by it (Chanachai et al., 2010; Mi et al., 2003). However,
the structural stability of a PES/CS membrane is often poor, because of
the incompatibility of these two materials (Chen et al., 2009).
Polydopamine (PDA) is highly adhesive and used by mussels; it has received intense attention as a bio-inspired adhesive, and has also been
applied in membrane surface modiﬁcation (Wang et al., 2015; Zhao
et al., 2014). Under alkaline conditions, the spontaneous polymerization
of dopamine forms PDA, and this adhesive improves the hydrophilicity
of any substrate's surface, even as a very thin layer (Arena et al., 2014; Li
et al., 2014). With this characteristic, PDA can act as an adherent middle
layer, sandwiched in between the PES membrane and a CS layer. PDA is
attached by hydrogen-bonding and π–π bonding with the PES membrane (Waite, 1999) and via Schiff-base/Michael-addition reactions
and hydrogen bonds with the CS active layer (Luo et al., 2017). Hence,
by modiﬁcation of PES with PDA and CS, the hydrophilicity of the membrane could increase, potentially improving its anti-adsorption properties (Goosen et al., 2004; Jhaveri and Murthy, 2016; Shirazi et al., 2010).
Besides, polymeric CS chains may also cause steric hindrance to resist
the adsorption of foulants. In addition, CS is an inexpensive substance
that is generally not toxic to humans, but can exhibit antimicrobial activity (Ghiggi et al., 2017; Wang et al., 2010b; Kean and Thanou,
2010), making it suitable for water treatment application.
Some membrane studies have been carried out using the modiﬁcation of PDA and CS (or CS derivatives) in the ﬁelds of band-aid adhesive
layers, bone tissue engineering scaffolds or pervaporation (Li et al.,
2016; Liu et al., 2017; Luo et al., 2017). Yang et al. (2019) reported an ultraﬁltration membrane modiﬁed by PDA and chitosan oligosaccharide.
Qi et al. (2019) prepared a nanoﬁltration membrane by PDA and
hydroxyl-propyl-trimethyl ammonium chloride chitosan, mixed with
chitosan and chelated silver nanoparticles. The reported membranes
are waterproof or of very low water ﬂux, which prevent their application in the water treatment ﬁeld. Besides, these membranes require relatively long fabrication and modiﬁcation time (24 h to days). To date, a
PES/PDA/CS microﬁltration membrane has not been reported before.
In this study, a simple and fast PES microﬁltration membrane modiﬁcation method using PDA and CS is explored. The membranes are characterized using infrared spectroscopy, atomic force microscopy,
scanning electron microscopy and contact angle measurements. Then,
the anti-biosorption property of the modiﬁed membrane is investigated. Compared with simple biosorption tests, which are often only
conducted in pure water or saline solutions, a protocol is used to obtain
deeper insight into the proliferative bio-adsorption process, using natural water. The bio-adsorption tests are carried out under static and
shaken conditions using the model bacterium Escherichia coli (ATCC
11775) and natural water. To the best of the authors' knowledge, this
is the ﬁrst study investigating the proliferative bio-adsorption process,
bio-adsorption kinetics and EPS dynamic changes on a modiﬁed
microﬁltration membrane surface using natural water.
2. Materials and methods
2.1. Chemicals and materials
Dopamine hydrochloride (≥98.5%) was purchased from Fisher Scientiﬁc (UK). Tris base (≥99.9%) and chitosan (molecular weight:
50,000–190,000 Da; deacetylation degree: 76%, data provided by the
supplier) were bought from Sigma-Aldrich (UK). Sodium hydroxide
(≥97%) was purchased from Emplura® (Merck, Germany). Hydrochloric
acid (1 mol/L standardized solution) and acetic acid (≥99.0%) were purchased from Alfa Aesar (UK) and Fluka™ (UK), respectively. The PES
microﬁltration membrane (pore size: 0.45 μm; thickness:
130–155 μm) was purchased from Millipore Express® (UK). Lysogeny
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Fig. 1. Employment of a natural cell membrane's anti-fouling mechanism for nature-inspired membrane design in the water treatment area.

broth (LB) and eosin methylene blue (EMB) agar were bought from
Thermo Fisher Scientiﬁc (UK) and Sigma-Aldrich (UK), respectively. In
this study, the bacterium E. coli (ATCC 11775, Sigma-Aldrich, UK) was
employed in the tests, as it is widely detected in wastewater, contaminated drinking water and surface water and, therefore, used in experimental design (Kodaka et al., 2008; J. Li et al., 2017; Rapala et al.,
2002; Sélas et al., 2003).

2.2. Modiﬁcation of the PES membrane
The preparation of the studied membranes is schematically shown
in Fig. 2. In detail, dopamine hydrochloride (4.0 g/L) was initially dissolved in prepared Tris–HCl buffer solution (50.0 mmol/L, pH = 8.5).
Then, the PES substrate membrane, soaked by shaking in ultrapure
water for 2 h before the modiﬁcation, was immersed in the above dopamine solution and shaken at the speed of 80 rpm on the shaker (IKA®
KS 260, England) at room temperature for 1 h to form a thin layer of
polydopamine (PDA) on the PES surface (Shen et al., 2019). Because
the polymerization of dopamine molecules needs oxygen, this step
was carried out in the open air (Li et al., 2014). After 1 h, the PES/PDA
membrane was gently and thoroughly washed using ultrapure water
to remove loosely bound PDA. Three concentrations of CS solution
(namely, 1.0, 5.0 and 10.0 g/L) were prepared using 2 wt% acetic acid solution. Then, PES/PDA membrane was immersed into the CS solution.
Materials formed after immersion times of 5 min, 10 min, 30 min and
1 h were tested. After immersion, the membrane was removed and
dried at 60 °C for 20 min. The dried membrane was soaked in a
0.5 mol/L NaOH solution for 30 min to convert chitosan acetate back
to CS (Wang et al., 2010a). The ﬁnal PES/PDA/CS membrane was rinsed
gently and thoroughly with ultrapure water, and fully dried at 37 °C for
30 min.

2.3. Characterization of the membrane
Membrane surface composition analysis was performed using attenuated total reﬂectance-Fourier transform infrared (ATR-FTIR) spectroscopy (VERTEX 70, Bruker, UK). Surface morphologies were inspected
using a scanning electron microscope (SEM, Jeol JSM-6480LV, UK) and
atomic force microscope (AFM, Bruker Dimension Icon, UK). In AFM
measurements, a PeakForce Tapping mode was used to create AFM images using a silicon nitride probe (ScanAsyst®-Air) with scanning speed
of 0.5 Hz. A 2.5 μm × 2.5 μm area of the membrane surface was scanned
to calculate the root mean square (rms) roughness from the height proﬁle of three-dimensional AFM images. Static contact angles of the membranes were measured (n ≥ 4) to test their hydrophilicity, using a
contact angle machine (Drop Shape Analyzer DSA100, KRÜSS,
Germany). The water ﬂux through the membrane (L/(m2·h)) was measured (n ≥ 6) using dead-end stirred cells (Amicon®, UK), using ultrapure water. Because the tested membranes have micrometer-sized
pores, all ﬂuxes were measured under a constant pressure difference
of 0.2 bar.

2.4. Proliferative bio-adsorption test
Bio-adsorption tests under static and shaken conditions were carried
out to compare the bio-adsorption capacity of the unmodiﬁed PES
membrane and PES/PDA/CS (5.0 g/L, 10 min) membrane. Natural
water (pH: 7.0–7.2) from Regent's Park (London, UK) was collected
and ﬁltered through 0.22 μm sterile cellulose acetate membrane
(Whatman, UK) three times to remove microorganisms. E. coli (ATCC
11775) were suspended in this sterile natural water to reach an abundance of about 1.5 × 107 CFU/mL; here, CFU stands for colony forming
units. Of this natural water inoculated with E. coli, 50 mL was put inside
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Fig. 2. Schematic representation of the preparation of PES/PDA/CS membranes.

a 60 mL sterile centrifuge tube containing one of the membranes under
investigation (Choi et al., 2014; Luo et al., 2017). For tests where shaking
was employed, the shaking speed was set at 200 rpm. Adsorption experiments with contact times of 0.5 h, 1.0 h, 2.0 h, 3.0 h, 5.0 h, 7.0 h, 9.0 h
and 12.0 h were conducted at room temperature (18–22 °C). Prior to
each test, both working area and equipment were either autoclaved or
sterilized using 70% alcohol. All experiments were conducted at least
in duplicates.
2.5. Treatment of the microbial samples
The selective plate counting method was employed to quantify E. coli
abundance. After the bio-adsorption tests, E. coli abundance (CFU) in the
liquid phase was determined using EMB agar. Then, the remaining liquid was ﬁltered through a sterile 0.22 μm cellulose acetate membrane
to remove the microbes. The ﬁltered water was kept for water parameter characterization. The membrane was put inside a 15 mL sterile centrifuge tube and a 5 mL sterile phosphate buffer solution (PBS) was
added. Then, the tube was vortexed for 15 min. After this step, the abundance of E. coli inside the PBS was also determined using EMB agar.
2.6. Kinetic study of the proliferative bio-adsorption process
To understand the proliferative bio-adsorption process better, the
Lagergren pseudo-ﬁrst-order rate model (linear and non-linear forms)
and pseudo-second-order rate model (four linear forms and one nonlinear form), which are widely used to describe adsorption kinetics in
aqueous environments (Kumar, 2006; Riahi et al., 2017), were
employed to explore their applicability in describing the bioadsorption process. To select the optimal ﬁtting model, ﬁve error analysis models, namely the coefﬁcient of correlation (R2), the sum of the
squares of the errors (SSE), the Chi-squared statistic (χ2), F-test and ttest, were employed.

2.7. Measurements of EPS and other water quality parameters
A heating and extraction method was used to extract the EPS from
the membrane (Yu et al., 2016a, 2016b). In brief, after vortexing the
membrane in PBS for 15 min, the centrifuge tube was sonicated for
3 min. Then, the tube was heated for 30 min at 80 °C. After cooling, samples were centrifuged for another 15 min at 10,000g. The supernatant
was subsequently collected for total organic carbon (TOC) and protein
analysis.
The protein concentration of EPS was measured using a Micro BCA™
Protein Assay Kit (Thermo Fisher Scientiﬁc, UK), as per the instructions
of the manufacturer. TOC concentrations of EPS and liquid samples were
determined using a Shimadzu TOC-L machine (UK). The limits of detection (LODs) of the TOC and protein content were around 0.05 μg/cm2
and 0.10 μg/cm2, respectively. Ion chromatography (Dionex ICS 1100,
US) was used to detect and measure the concentrations of anions (Li
et al., 2019).
2.8. Statistical analysis
Student t-tests were carried out to assess the difference in signiﬁcance between data, and a p-value < 0.05 was considered statistically
signiﬁcant. OriginPro 9.1 (USA) was used to draw all graphs and conduct linear and non-linear kinetic model ﬁttings. The data processing
was conducted using Microsoft Excel 2016.
3. Results and discussion
3.1. Initial investigation and optimization of PES/PDA/CS membrane synthesis parameters
To coat a thin layer of PDA on the PES membrane without decreasing
the water ﬂux considerably, dopamine immersion times of short
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Table 1
Pure water ﬂux (n ≥ 6) and contact angle (n ≥ 4) results of membranes with (PES/PDA/CS) and without (PES/PDA) chitosan modiﬁcation.
Without chitosan modiﬁcation

1 g/L chitosan

5 g/L chitosan

10 g/L chitosan

Membrane

Flux
(L/(m2·h))

Contact angle
(°)

Time of CS
immersion

Flux
(L/(m2·h))

Contact angle
(°)

Flux
(L/(m2·h))

Contact angle
(°)

Flux
(L/(m2·h))

Contact angle
(°)

PES
PES/PDA (30 min)
PES/PDA (60 min)

9889 ± 23
9623 ± 56
9307 ± 198

60.3 ± 1.5
57.1 ± 1.6
55.3 ± 0.7

5 min
10 min
30 min
60 min

7639
7243
6895
6606

46.0
45.1
44.4
39.5

6535
5469
4815
4069

37.7
36.7
23.5
19.4

5447
4889
4429
3865

34.9
31.4
40.4
42.6

±
±
±
±

48
106
25
70

duration were tried, compared with the hours of dipping time that are
widely employed (Chen et al., 2009; Shalev et al., 2012; Shi et al.,
2016). In the present study, coatings of PDA for 30 min and 60 min
were tested, as literature reported these to be effective (Shen et al.,
2019; Zhao et al., 2014). The subsequent dopamine treatment processes
were conducted using 60 min immersion time. Along with the PDAcoated PES membrane without CS (PES/PDA), the ﬂux and contact
angle results of PES/PDA/CS membranes for different CS concentrations
and immersion times are shown in Table 1.
The original pure water ﬂux of a PES membrane was 9889 ± 23 L/
(m2·h) under 0.2 bar transmembrane pressure. After coating with
PDA, it decreased slightly to 9623 ± 56 L/(m2·h) (30 min, PES/PDA)
(~3%) and 9307 ± 198 L/(m2·h) (60 min, PES/PDA) (~6%). Subsequently, after the CS modiﬁcation, the membrane ﬂux declined noticeably from 7639 ± 48 L/(m2·h) (PES/PDA/CS (5 min, 1 g/L)) (~23%) to
3865 ± 62 L/(m2·h) (PES/PDA/CS (60 min, 10 g/L)) (~61%). Similar decreases in water ﬂux with increasing CS concentration and modiﬁcation
time were also reported in other studies associated with CS (Boributh
et al., 2009; Chen et al., 2013), and can be attributed to the membrane
pores' clogging after surface modiﬁcation (Choi et al., 2014). To balance
the processing time and permeability, in the following tests, modiﬁed
PES/PDA/CS membranes with a CS concentration of 5 g/L and an immersion time of 10 min (ﬂux of 5469 ± 30 L/(m2·h)) were selected. Although the ﬂux declined by around 45%, the remaining ﬂux is higher
than that of reported microﬁltration membranes under higher gas pressure (e.g. 100–4800 L/(m2·h·bar) under 2–4 bar) (Islam et al., 2017; Gu
et al., 2020; Homem et al., 2019).
The membrane's hydrophilicity was further conﬁrmed using the
pure water contact angle. The results show that the coating with PDA
decreased the contact angle of the unmodiﬁed PES membrane from
60.3 ± 1.5° to 55.3 ± 0.7° (60 min), thus slightly increasing the

Fig. 3. FTIR spectra of unmodiﬁed PES membrane, PES/PDA (60 min) membrane and PES/
PDA/CS membrane (10 min, 5 g/L).

±
±
±
±

1.2
1.1
0.7
0.5

±
±
±
±

28
30
89
58

±
±
±
±

0.7
1.0
0.3
0.8

±
±
±
±

14
28
31
62

±
±
±
±

0.8
2.2
0.9
0.8

hydrophilicity. Under the same CS modiﬁcation time, the contact
angle decreased with the increase of CS concentration as well, which
is in accordance with other studies, because CS molecules are hydrophilic (Boributh et al., 2009; Liu et al., 2010; Wang et al., 2010a). However, for 30 min and 60 min modiﬁcation time, the membrane contact
angles ﬁrst decreased and then increased to above 40.0° at 10 g/L CS
concentration, which is still lower than the PES/PDA membrane contact
angle. This phenomenon was also observed by several researchers using
CS, and can be attributed to the agglomeration and clogging of pores at
higher concentrations of this macromolecular substance, because 10 g/L
CS solution is gelatinous and sticky (Ekambaram and Doraisamy, 2017;
Wang et al., 2010a). Overall, the modiﬁcation by PDA and CS increased
the hydrophilicity of unmodiﬁed PES membrane, and the contact
angle of PES/PDA/CS (10 min, 5 g/L) membrane was 36.7 ± 1.0°,
which is more hydrophilic than unmodiﬁed PES membrane.
3.2. Characterization of PES/PDA/CS membranes
The ATR-FTIR spectra of unmodiﬁed and modiﬁed membranes are
shown in Fig. 3. No visibly signiﬁcant difference is found between PES
and PES/PDA (60 min) membranes. Similar results were also reported
in other studies, which could be attributed to the fact that the PDA
layer is thinner than the detecting depth of the FTIR measurements
(10–14 μm) (Arena et al., 2014; Li et al., 2014). Hence, the functional
groups in the PDA layer were not signiﬁcant enough to be detected in
the FTIR spectrum. By contrast, the FTIR spectrum of PES/PDA/CS
(10 min) contained signiﬁcant differences with that of the PES/PDA
membrane, which conﬁrms that the CS modiﬁcation was successful.
The broad and strong bands around 3000 cm−1 further indicated the
hydrogen-bonded O\\H stretching vibrations of CS on the membrane
surface, and the small characteristic bands around 1590–1650 cm−1
corresponded to the -N-H deformation in the amino group of CS
(Boributh et al., 2009; Elizalde et al., 2018; Mural et al., 2016).
The differences in membrane morphology before and after modiﬁcation were also checked using SEM and AFM, results of which are shown
in Fig. 4. The unmodiﬁed microﬁltration PES membrane showed clear
pores on the SEM image (Fig. 4-A). After the PDA dipping, PDA aggregates were found on the membrane surface, proving successful PDA
coating (Li et al., 2014; Zhu et al., 2016). In comparison, after the CS
modiﬁcation, some pores were found to be blocked, which could explain the aforementioned ﬂux decline, a phenomenon that has been reported before (Chanachai et al., 2010).
The 2D and 3D AFM images are shown in Fig. 4-B, C. For these images, the dark regions represent ‘valleys’ or membrane pores and the
brightest areas indicate the highest points of the membrane surface.
The AFM images showed that the PES/PDA/CS membrane surface was
smoother than that of the unmodiﬁed PES membrane (Fig. 4-B, C).
The rms roughness of the PES/PDA membrane increased to 57.7 nm,
compared with 52.9 nm for the unmodiﬁed PES membrane, which can
be attributed to the PDA coating and deposition of the nano-sized and
micro-sized PDA aggregates (shown clearly on the peak force image of
the PES/PDA membrane, Fig. S1). However, the PES/PDA/CS membrane
rms roughness decreased to 41.5 nm, which can be explained by the
blockage of membrane pores by macromolecular CS, in accordance
with SEM (pore clogging) and ﬂux (decline) results. A similar increase
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Fig. 4. (A) SEM images (skin layer), and (B) 2D and (C) 3D AFM images of modiﬁed and unmodiﬁed membranes.

in membrane roughness after PDA deposition, followed by a decline
after modiﬁcation with macromolecules (e.g. polyethyleneimine) was
also reported elsewhere (Zhang et al., 2014). Therefore, AFM results
conﬁrm that the surface morphology of the original PES membrane is affected by the modiﬁcation steps.

3.3. Anti-biosorption performance of modiﬁed membranes
Fig. 5 compares the E. coli abundance attached on the membrane
surface before and after modiﬁcation in both static and shaken tests.
TOC and anion concentrations monitored in the aqueous phase are
listed in Table S1. It can be clearly seen that the abundance of E. coli

adsorbed on the membrane surface declined with the modiﬁed PES/
PDA/CS membrane.
For the unmodiﬁed PES membrane in the static tests (ST-PES), E. coli
abundance increased from around 1.6 × 106 (0.5 h) to 1.0 × 107 CFU/
cm2 (12h), while only around 1.0 × 105 CFU/cm2 (12 h) abundance
was found for the modiﬁed membrane (ST-mPES, where mPES represents modiﬁed PES/PDA/CS (10 min, 5 g/L) membrane, hereinafter)
during the static test. As for the shaken test, an E. coli abundance of
around 1.0 × 105 CFU/cm2 was found at the beginning, which increased
to around 2.8 × 107 CFU/cm2 after 12 h for the unmodiﬁed PES membrane (SH-PES), compared with around 1.0 × 105 CFU/cm2 (12 h) for
the modiﬁed membrane (SH-mPES). By using the modiﬁed membrane,
a decrease of about 0.4–2.3 orders of magnitude of E. coli abundance was
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Fig. 5. Comparisons of E. coli abundance attached on the membrane surface before and after modiﬁcation.

observed (Fig. 5), clearly demonstrating the anti-biosorption ability of
the modiﬁed PES/PDA/CS membrane. An improved resistance (data
not shown) to bacterial adhesion when using a CS-modiﬁed, polypropylene, non-woven membrane has been reported before (Wang et al.,
2010b). Nikkola et al. (2013) tested the anti-adhesion property of polyamide membrane to P. aeruginosa and observed around 0.5–3.5 orders
of magnitude abundance decrease when the membrane was modiﬁed
by polyvinyl alcohol and/or polyhexamethylene guanidine
hydrochloride.
In the present study, the bio-adsorption process did not reach equilibrium, and ﬂuctuations in abundance occurred at some points in time
(e.g. 9.0 h of ST-PES membrane). Because the adsorption of microbes on
the membrane surface is a proliferative process, microbial abundance
can gradually ﬂuctuate with bioﬁlm growth and abscission (Lu et al.,
2009), resulting in this ﬂuctuation in microbial abundance.
Because CS is hydrophilic, it can be inferred from these results that a
compact hydration layer was formed via hydrogen bonds on the modiﬁed membrane surface, preventing the adsorption of E. coli through dehydration entropic effects and decreasing the abundance of attached
microbes (Zhang et al., 2016). In addition, CS is also a long-chain polymer. Although the form of CS is thought to be crosslinked on the membrane surface (Chen et al., 2009), brush-like CS chains may also exist on
top of the CS layer, further helping to repel some E. coli cells via steric
hindrance (He et al., 2016). In addition, the pKa value of CS is around
6.5–7.0 (Lee et al., 2013). Electrostatic repulsion may also play a role, because both the E. coli surface and CS, which has an isoelectric point of
around 6.3, were negatively charged in the natural water used (pH:
7.0–7.2) (Popat et al., 2012; Sonohara et al., 1995). However, because
most active amino functional groups, which greatly determine the
charge of CS molecules on the CS chains were thought to have reacted
covalently with PDA via Schiff-base/Michael-addition reactions (Luo
et al., 2017), there are fewer free amino groups. Therefore, it is assumed
that the electrostatic repulsion is not strong. Conﬁrming this is out of
scope of this study, but may be investigated in the future.
Although, after 0.5 h, the E. coli abundance on the membrane surface
during the test with shaking (SH-PES membrane) was more than one
order of magnitude lower than in the static test (ST-PES membrane),
no signiﬁcant difference (p > 0.05) in microbial abundance was found
between static and shaken conditions, for both modiﬁed and unmodiﬁed membranes. It had been speculated that agitation in the test with
shaking might either help shake the loosely attached microbes down
from the membrane, causing a lower adsorbed abundance; or, conversely, that it would increase both the dissolved oxygen concentration
and the frequency of collisions between cells and the membrane surface, like typical soluble adsorbates and adsorbents, which would

increase the adsorbed abundance, compared with the static test (Raji
and Anirudhan, 1997). However, the insigniﬁcant difference between
the two results suggests that these two effects counteract each other,
or that the shaking was insufﬁciently strong to cause any effect. Besides,
the bio-adsorption process was only monitored up to 12 h. Signiﬁcant
changes in microbial abundance or statistical differences may be
found during long-term operations. Therefore, further study on these
aspects is suggested.
The changes in E. coli abundance in the aqueous phase during the
tests were also monitored, and are shown in Fig. S2. No signiﬁcant difference in abundance (p > 0.05) was found between modiﬁed and unmodiﬁed membranes for both static and shaken conditions (all around
107 CFU/mL), meaning that the modiﬁed PES/PDA/CS membrane did
not kill the suspended E. coli (ATCC 11775). This point contradicts the
antibacterial ﬁndings of E. coli (efﬁcacy around 50–90%) from some
studies using CS (or derivatives) as the coating material (Luo et al.,
2017; Mural et al., 2016). In addition, the antimicrobial efﬁcacy of
E. coli was relatively higher (>90%) when the membrane was modiﬁed
by speciﬁc antimicrobial reagents (e.g. quaternary ammonium compounds, silver ion) (Zhang et al., 2018; Chen et al., 2013). Usually, the
amino groups on the CS chains are considered mainly responsible for
this antimicrobial effect. However, in the present study, most of the active amino groups are thought to have covalently reacted with PDA
layer via Schiff-base/Michael-addition reactions (Luo et al., 2017), leading to an insufﬁcient number of functional amino groups. Another possible reason is that amino groups are reported to present antimicrobial
property under acidic condition, while natural water is a weakly basic
environment (Xia et al., 2018; Zhang et al., 2014). This suggests the importance of using real water when investigating the applicability of CSassociated products in wastewater treatment processes.
3.4. Fittings of selected kinetic models for the bio-adsorption process
To obtain deeper insight into the bio-adsorption of E. coli onto the
tested membranes, the adsorption kinetics were also investigated on
the basis of the experimental data. As mentioned above, the bioadsorption was a proliferative process in our study. Thus, adsorption
equilibrium might not be reached, even theoretically, and results indeed
showed that the abundances followed a ﬂuctuating, increasing trend, although the data points at 10 and 12 h are statistically insigniﬁcantly different (Fig. 5). Therefore, the maximum experimental adsorption
capacity (qe, Exp) was read using the highest abundance reading in
each test, i.e. 7.20 (5.0 h), 5.00 (12.0 h), 7.46 (12.0 h) and 5.09 (9.0 h)
(log(CFU/cm2)) for ST-PES, ST-mPES, SH-PES and SH-mPES membranes,
respectively. In this study, kinetic modelling was carried out using
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Lagergren pseudo-ﬁrst-order and pseudo-second-order models. These
models assume that the adsorption kinetics are governed by the rate
of surface reactions, and have been widely applied to describe the adsorption of soluble pollutants from water onto adsorbents (Leng et al.,
2015; Li et al., 2018; Rudzinski and Plazinski, 2006). Although E. coli
are bacteria, and not soluble adsorbates, ﬁts to the same kinetic expressions were conducted to explore their feasibility to model the bioadsorption processes.
The Lagergren pseudo-ﬁrst-order rate equation assumes that the adsorption rate is proportional to the difference of adsorbate adsorbed at
equilibrium (qe) and at time (qt):
dqt
¼ kp1 ðqe −qt Þ
dt

ð1Þ

where kp1 (h−1) is the pseudo-ﬁrst-order rate constant. This differential
equation is easily solved, and its solution can be rearranged to a form
linear in time, t:
logðqe −qt Þ ¼ logqe −

kp1
t
2:303

or preserved in its non-linear form for qt(t):


qt ¼ qe 1−e−kp1 t

ð2Þ

ð3Þ

The solution to the Lagergren pseudo-second-order rate equation:
dqt
¼ kp2 ðqe −qt Þ2
dt

ð4Þ

can be rearranged in the following four linear forms (Kumar, 2006):
t
1
1
¼
þ t
qt kp2 q2e qe
1
¼
qt

ðType 1Þ


1
1 1
þ
2
kp2 qe t qe

ð5Þ



1 kp2 q2e kp2 q2e
¼
−
t
qt
qe
kp2 q2e qt
qt
¼ kp2 q2e −
t
qe

ðType 2Þ

ð6Þ

ðType 3Þ

ð7Þ

ðType 4Þ

ð8Þ

The solution for qt(t) itself is non-linear in t:
qt ¼

kp2 q2e t
1 þ kp2 qe t

ð9Þ

Here, qe and qt have the same meanings as before, and kp2 ([log(CFU/
cm2)·h]−1) is the pseudo-second-order rate constant.
Several statistical measures were calculated to investigate the quality of the ﬁt by these different representations: R2, the F-test and the
Student t-test, SSE and χ2 (Rahman and Sathasivam, 2015; Riahi et al.,
2017), where:
SSE ¼

n
X

ðqc −qe Þ2i

ð10Þ

i¼1

χ2 ¼

"
#
n
X
ðqc −qe Þ2
qe
i¼1

ð11Þ

i

Here, qe and qc are the experimental and calculated adsorption capacity (log(CFU/cm2)), and n is the number of experimental data points.
The ﬁtting results using various forms of Lagergren pseudo-ﬁrstorder and pseudo-second-order equations are shown in Table S2 and

Table 2, respectively. The error analysis results are shown in Table S3.
Very often, R2 is used as an indicator of a good ﬁt. However, using this
analysis only may not be sufﬁcient to judge the “best ﬁt”, especially
for non-linear models (Kevrekidis and Shvartsman, 2004). Based on
the results, the non-linear form of the Lagergren pseudo-ﬁrst-order
equation gives a maximum calculated adsorption capacity qc that is
much closer to the experimental qe than the linear form (Table S2).
However, apart from R2 and the calculated maximum qc, it is not obvious to judge which model is better and no signiﬁcant difference
(p > 0.05) was found between various prediction errors obtained by
the two models. Compared with the Lagergren pseudo-ﬁrst-order equation, which assumes an adsorption rate based on surface reactions
(Sutherland and Venkobachar, 2010), the ﬁve forms of pseudosecond-order equations show relatively better ﬁts (Table S3). The linearized Type 1 model gives the overall best R2 of 0.9995, 1.0000, 0.9994
and 0.9996 with qc at 7.11, 4.99, 7.63 and 5.06 (log(CFU/cm2)) for STPES, ST-mPES, SH-PES and SH-mPES membranes, respectively. Nevertheless, other pseudo-second-order models generally present smaller
errors than this Type 1 linearization. An F-test and t-test show that the
linear Type 3 model is, relatively speaking, the optimal model, while
an SSE and χ2 analysis, which calculate the absolute difference between
calculated and experimental readings, present the non-linear form as
the relatively optimal one. The reason for such differences is that the different modelling representations emphasize certain data more at, for
example, short and long times, t. Despite this, it is noteworthy that the
differences among pseudo-second-order equations models are very
small (p > 0.05).
The linearized Type 1, Type 3 and non-linear ﬁts for the pseudosecond-order model are plotted in Fig. S3. Excellent linear ﬁts using
the Type 1 representation match the expectations from a high R2,
while points are more scattered in the other two plots. Despite the
near-perfect ﬁts using a Type 1 representation based on the R2 values,
Type 3 and non-linear models present a statistically smaller difference
between the experimental and calculated maximum adsorption capacity (Table S3). In general, a pseudo-second-order model is more often
used to describe chemisorption (Riahi et al., 2017). To our knowledge,
this is the ﬁrst study to apply such models to the proliferative bioadsorption process of E. coli (ATCC 11775) onto microﬁltration membrane materials. In addition, this might help to better understand the
biofouling mechanism in future studies.
3.5. Mitigation of EPS formation on modiﬁed membrane surface
Since extracellular polymeric substances (EPS) are thought to play a
role in the biofouling process that anchors microbes onto the membrane
surface (Nguyen et al., 2012), the TOC and protein concentrations accumulated on the membrane surface during the bio-adsorption process of
the E. coli were also investigated during the tests. Neither appreciable
TOC nor protein was detected on the modiﬁed membrane surface,
which is in accordance with the ﬁnding that the modiﬁed membrane
enhances the anti-biosorption property. Some previous research has
also reported the anti-fouling property of CS-associated membranes
for organic foulants (Boributh et al., 2009; Ghiggi et al., 2017; Xia
et al., 2018). A decrease of EPS and protein mass on the membrane surface by CS modiﬁcation in a membrane bioreactor was also reported by
Wang et al. (2010a). In comparison, in this study, only around
1.0–2.0 μg/cm2 TOC concentration and 0.14–0.30 μg/cm2 protein concentration were detected for the unmodiﬁed PES membrane throughout the tests. Nonetheless, it is noteworthy that, while the detected
concentrations of TOC and protein are in the low concentration range,
the TOC and protein concentration on the modiﬁed membrane surface
might be below the detection limit (LOD) of the used measurement
methods.
The TOC and protein concentration changes on the unmodiﬁed
membrane surface during bio-adsorption tests are shown in Fig. S4.
Similar to the microbial abundance tests, no signiﬁcant difference
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Table 2
Fitted parameters for the Lagergren pseudo-second-order kinetic equation, using different representations (linearized Type 1–4 and non-linear).
Model

Type 1
Type 2
Type 3
Type 4
Non-linear

ST-PES

ST-mPES

qc, Cal
(log(CFU/cm2))

kp2
([log(CFU/cm2)·h]−1)

R2

qc, Cal
(log(CFU/cm2))

kp2
([log(CFU/cm2)·h]−1)

R2

7.11
7.09
7.16
7.17
7.11

1.84
1.72
1.38
1.33
1.61

0.9995
0.8169
0.8169
0.7950
0.7843

4.99
4.96
4.97
4.97
4.96

2.05
2.59
2.53
2.52
2.59

1.0000
0.9778
0.9778
0.9730
0.9712

SH-PES

SH-mPES
2

Model

qc, Cal
(log(CFU/cm2))

kp2
([log(CFU/cm2)·h]−1)

R

qc, Cal
(log(CFU/cm2))

kp2
([log(CFU/cm2)·h]−1)

R2

Type 1
Type 2
Type 3
Type 4
Non-linear

7.63
7.39
7.43
7.45
7.41

0.37
0.57
0.54
0.52
0.55

0.9994
0.9604
0.9604
0.9331
0.9365

5.06
5.03
5.06
5.07
5.03

2.51
3.56
2.95
2.92
3.64

0.9996
0.8389
0.8389
0.8110
0.7917

(ST-PES: static tests with unmodiﬁed PES membrane; ST-mPES: static tests with modiﬁed PES membrane; SH-PES: shaken tests with unmodiﬁed PES membrane; SH-mPES: shaken tests
with modiﬁed PES membrane; the maximum experimental adsorption capacity (qe, Exp) was 7.20, 5.00, 7.46 and 5.09 (log(CFU/cm2)) for ST-PES, ST-mPES, SH-PES and SH-mPES membranes, respectively.)

(p > 0.05) was found between static and shaken conditions. Concentrations of both TOC and protein increased in a ﬂuctuating way, up to ﬁnal
concentrations of 1.83 ± 0.07 μg/cm2 and 1.78 ± 0.01 μg/cm2 for TOC,
and 0.27 ± 0.02 μg/cm2 and 0.24 ± 0.02 μg/cm2 for protein, respectively. From Fig. S4, it can be observed that concentrations for the last
three tested points were relatively higher, which might be due to the
proliferation of the microbial community. However, the overall trends
presented obvious ﬂuctuations, which might be attributed to a variety
of factors, including the bioﬁlm growth and abscission, as well as adsorption and desorption of other organic substances from and to the
aqueous phase (Li et al., 2018; Lu et al., 2009).
The calculated ratios among unmodiﬁed PES membrane surface
TOC, protein and microbial abundance (log) are shown in Table S3.
The protein/TOC proportion lies within the range between 10% and
16%, demonstrating that proteins are one of major components in the
composition of EPS (Drews et al., 2006; Wang et al., 2010b). Besides,
the ratios of TOC/abundance and protein/abundance ((μg/cm2)/CFU
(log)) are found to be around 0.17–0.28 and 0.02–0.04, respectively.
As mentioned earlier, proliferative bio-adsorption is not an independent
process and the organic substances existing in the aqueous phase may
also play a role in the adsorption process. The EPS might favour or hinder the adsorption of other substances from water onto the membrane
surface, or they might interact with other foulants and interferences in
the aqueous phase. Hence, the relations between proliferative biofouling and physico-chemical fouling processes are worthy of further study.

3.6. Outlook
The modiﬁed PES/PDA/CS microﬁltration membrane shows promising anti-biosorption behaviour using model E. coli and natural water,
over 12 h operation. This encourages further, deeper research to overcome a number of limitations of these initial ﬁndings. Future work
should include the potential role of electrostatic repulsion on the
anti-biosorption mechanism, and more advanced analysis (e.g. using
the extended DLVO (Derjaguin-Laudau-Verwey-Overbeek) theory and
confocal laser scanning microscope analysis) on the anti-biosorption
process. We also suggest long-term ﬁltration and adsorption studies
using other types of microbes, and more complex samples, using
metagenomic/molecular tools, as well as deeper EPS analysis (e.g. distribution and accumulation of proteins and polysaccharides). It is also
worth conducting studies that could provide deeper insight into the effects of the hydraulic conditions, and the relationship between proliferative biofouling and the physico-chemical fouling processes.
4. Conclusions
In the present study, a polydopamine/chitosan modiﬁed polyethersulfone microﬁltration membrane (PES/PDA/CS) with good antibiosorption properties was developed using a natural cell-inspired
anti-fouling methodology. The anti-biosorption strategy includes the
hydration layer and steric hindrance, which informs a membrane

Fig. 6. Schematic of the nature-inspired engineering methodology for membranes with improved anti-fouling, for water treatment applications.
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design, using non-toxic polydopamine and chitosan as surface modiﬁers. The good outcome suggests its potential application in water treatment. Fig. 6 summarizes the systematic nature-inspired solution
methodology employed in this study, moving from the abstraction of
a nature-inspired concept, through design, to experimental realization
for a targeted application. This is not a linear approach, as further research and development should generate improved prototypes for
translation to practice.
More speciﬁcally, the modiﬁcation of the PES membrane by PDA and
CS changes the surface morphology and improves its hydrophilicity. The
modiﬁed membrane showed anti-biosorption (abundance decreased
0.4–2.3 log) during the proliferative bio-adsorption tests (E. coli abundance of 1.5 × 107 CFU/mL). However, no antimicrobial properties
were observed. Pseudo-second-order kinetic models could help describe the bio-adsorption process. EPS analysis showed (via TOC) that
no substantial quantities of organic components, including proteins,
were detected on the modiﬁed membrane surface.
The modiﬁed PES/PDA/CS membrane with its attractive antibiosorption property introduced in this study shows the potential of
using a nature-inspired engineering approach for innovation in membrane design. In the water treatment area, in addition to providing
anti-biosorption/anti-fouling properties, a systematic engineering
methodology derived from natural mechanisms may also inspire researchers and engineers to tackle other growing problems, such as antibiotic resistance and emerging micropollutants.
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