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Bacterial Anti-Adhesion of Coated and Uncoated Thin-Film-
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Abstract: This study investigates the bacterial anti-adhesion performance of uncoated and coated reverse
osmosis (RO) membranes. All the membranes were commercially available fully-aromatic thin-film-
composite (TFC) polyamide (PA) membranes. Two of the TFC PA membranes (SW30 and BW30) were
coated using polyvinyl alcohol (PVA) coating, while the other three membranes (LE, XLE and NF90) were
uncoated. Among the characterised TFC PA membranes, the PVA coated were more hydrophilic and their
surface energy was higher in comparison to uncoated. In addition, the PVA coated membranes had lower
surface roughness. AFM interaction force measurement demonstrated higher repellence performance for
the more polar surface. Bacteria attachment test showed differences between the coated and the uncoated
membranes. Indeed, the increase in hydrophilicity and surface polarity showed decrease in the attachment
of Pseudomonas aeruginosa cells. Moreover, the results demonstrated that the surface polarity showed
better correlation with the attachment of the bacteria. In addition, the type of the surface roughness may

somehow contribute to the bacteria repellence.

1. INTRODUCTION

The biofilm growth on membrane has an effect on the
membrane separation efficiency as well as energy
consumption. The membrane permeability declines resulting
unstable water flux behaviour and therefore, feed pressure
should be increased for the stabilization of the process [1].

Biofouling is generally initiated by adhesion and accumulation
of the planktonic microorganisms which follows primary
colonization and logarithmical growth [2]. Furthermore, a
number of the microorganisms, such as bacteria, can be
detected within the network of extracellular polymer
substances (EPS).

Membrane surface properties such as, hydrophilicity, surface
roughness and surface charge, as well as surface chemistry
play key roles in the reducing of the fouling [3-5]. Modern thin
film composite (TFC) membranes, used in the seawater and
brackish water reverse osmosis (RO) treatment, typically
consist of polyamide (PA) as a selective layer and
polysulfone (PSf) as a support layer [6-7]. Furthermore, it has
been shown that some of the commercial TFC PA
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membranes are coated by additional coating layer to increase
their surface hydrophilicity [8].

Several groups have studied the effects of the surface
properties on the colloidal and organic fouling tendency of the
commercial RO membranes [1, 3, 4, 7, 9-11]. Moreover, the
biofouling tendency has been studied as well [12-14].
However, a few studies have concentrated on the interaction
between bacteria and surface properties of RO membrane in
the biofilm formation [15-18]. The previous studies have
revealed the differences in the bacterial anti-adhesion
performance between various different polymeric RO
membranes. These studies have suggested that both
hydrophilic and hydrophobic membrane surface may
decrease the bacteria attachment [19]. Indeed, this indicates
that the membrane surface chemistry have the dominant
effect on the attachment of bacteria. However, there is lack of
experiments, which focus solely on fully-aromatic TFC PA
membranes. In addition, the bacteria attachment on coated
TFC PA membranes has not been studied extensively.

This study aimed to improve the understanding of the
biofouling tendency of the uncoated and coated fully-aromatic
TFC PA membranes. We studied the effect of hydrophilicity,
surface energy and surface morphology on anti-adhesion of
Pseudomonas aeruginosa cells. Furthermore, atomic force
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microscope (AFM) interaction force measurement contributed
the understanding of the anti-adhesion performance.

2. EXPERIMENTAL

2.1. Membrane Materials

Five commercially available TFC PA membranes (SW30HR,
BW30, LE, XLE and NF90) were used in the current study as
test materials. The type of these membranes are seawater
RO membrane (SW30HR), brackish water RO membranes
(BW30, LE, XLE) or nandfiltration (NF90). According to
previous investigations, all the membranes have fully
aromatic PA as selective layer. Furthermore, SW30HR and
BW30 are coated using polyvinyl alcohol (PVA) coating, while
LE, XLE and NF90 are uncoated membranes [8]. The
membranes were purchased from DOW FilmTec.

2.2. Characterisation of the Surface Properties

The surface morphologies of the selected membranes were
characterized with a JEM 1230 transmission electron
microscope (TEM) at an acceleration voltage of 80 kV
according to Tang et al. [20]. Briefly, MilliQ water cleaned
virgin membrane sample were dehydrated by ethanol and
embedded in an aromatic acrylic LR White resin
(Polyscience, Warrington, PA, polymerized at 48°C for 3
days). Thin TEM sections less than 100 nm thick were cut
and imaged in the TEM without any staining.

The surface topographies of the membranes were
characterized using non-contact mode atomic force
microscopy (NC-AFM). It has gained little attention compared
to tapping mode [28]. However, the NC-AFM is
recommended when studying sensitive and soft polymeric
surfaces. The NC-AFM analysis was performed by using
Park Systems XE-100 AFM equipment with cantilever 905M-
ACTA (purchased from ST Instruments B.V.). In a typical
experiment the topography was analysed from the area 5x5
um? by using scan rate 0.4-0.6 Hz.

Contact angles were measured using Optical Tensiometer
Theta T200 device (Attension, Biolin Scientific). The
measurements were made within a controlled atmosphere
(RH 50%, temperature 23 °C). Water contact angle values,
expressed as °, are presented at the time of 30 s from the
moment the drop contacts the surface. Results are given as
an average of five parallel measurements. Surface energy
values were obtained by measuring the contact angle of three
different probe liquids, including water (H.O, y = 72.80
mN/m), di-iodomethane (CHzl;, y = 50.80 mN/m) and
formamide (CH3NO, y = 58.20 mN/m). The total surface
energy values, as summary of polar and dispersive surface
energies, were determined from the measured contact angle
data using the Fowkes theory [21].

2.3. AFM Interaction Force Measurement

AFM interaction force measurement is a useful method to
measure the interaction force between a cantilever probe
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(foulant surrogate) and a membrane surface [22-24]. In the
current study, AFM interaction force measurement between a
colloidal cantilever tip and membrane surfaces was
performed according to Tang et al. [22]. Briefly, the device
used was a MultiMode® SPM equipped with a J type
piezoelectric scanner and a NanoScope® IV controller. A 5
um borosilicate microsphere was attached to tip of the AFM
cantilever (Bioforce Nanoscience). The microsphere was
functionalized with carboxylic groups (-COOH) to mimic the
functional group of a typical organic foulants such as humic
acid, proteins or bacteria. AFM force measurement was
conducted in a liquid cell under contact mode by using a
spring constant of 0.12N/m.

2.4. Attachment of Bacteria

Biofilm formation was demonstrated by analysing the
attachment of P. aeruginosa on uncoated and coated
membranes. P. aeruginosa is Gram-negative, aerobic, rod-
shaped bacterium, which is widely used as the model
microbe for biofilm formation study [12, 14, 15]. Therefore, P.
aeruginosa was selected as model bacterium in our study to
provide comparable data related to the attachment of
bacteria.

Bacteria attachment test was conducted by submerging the
membranes (@ 4.7 cm) in bacterial suspension consisted of
standard seawater ASTM D1141-98 (2008) [25].
Furthermore, the suspension was inoculated with overnight
culture of P. aeruginosa (VTT E-96726) cultivated in 37 °C
Trypticase soy agar (TSA) broth solution, harvested by
centrifugation (3000 rpm, 10 min) and washed with
phosphate-buffered saline (PBS) (10 mM). The cell density
was approximately 1x10° CFU mL™ determined by plate
count on TSA (37°C, 1 d). The exposure of membranes was
conducted in a rotary shaker (75 rpm) at room temperature
for 1 d. The number of adhered cells on the membranes was
determined after swabbing by plate count on TSA (37°C, 1 d).
It was aimed to describe the anti-adhesion performance.
Results are presented as colony forming units per membrane
area (CFU cm'z). Three replicate membrane samples were
examined for each membrane type.

3. RESULTS AND DISCUSSION
3.1. TEM Micrographs

TEM imaging was used to the compare the surface
morphology of two selected membranes BW30 and NF90.
Figure 1 presents TEM micrographs of BW30 and NF90.
Both membranes had ridge-valley-structure that is typical for
TFC PA membranes. TEM images revealed clearly the
characteristic PSf and PA layers [26]. However, the
comparison of the TEM micrographs revealed some
differences between the membranes. NF90 membrane
showed rougher surface and less homogeneous peak-to-
valley topography. In contrast, BW30 membrane showed
homogenous topography with light coloured areas in the
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(a) BW30

Figure 1: The TEM micrographs of the a) BW30 and b) NFO0 membranes.

valleys of the PA layer. The light coloured areas have been
previously concluded as additional polymeric polyvinyl
alcohol (PVA) coating layer [8, 26].

3.2. AFM Surface Topography

Figure 2 presents the AFM images of the TFC PA
membranes. The AFM images showed the typical ridge-and-
valley surface texture of PA TFC membrane [8]. Furthermore,
those revealed the nodular topography of typical polymeric
membrane [24]. AFM images of SW30HR and BW30 showed
nanostructured topographies with pattern of ridges and
nanosized valleys with the diameter of typically 100-200 nm.
The topography of LE membrane (image c) was almost
identical, however the size of the ridges and the valleys were
somewhat larger compared to BW30 and SW30HR
membranes.

The topographies of XLE and NF90 membranes differed
clearly from BW30, SW30HR and LE membranes. Their
ridges were thicker as well as the length of the valleys were
longer with diameter 300-500 nm In addition, it was observed
more dominant number of peaks than for XLE and NF90
membranes. These results are in good agreement with TEM
observations (Figure 1) that NF90 had much more extensive
roughness structures and more dominance of peaks
compared to BW30.

The roughness parameter results (Table 1) contributed the
visual inspection. Among the characterised membranes, the
Rrms roughness value for the coated membranes SW30HR
(69.6 nm) and BW30 (56.5 nm) was somewhat lower in
comparison to the uncoated membranes (LE, XLE and
NF90). Among the uncoated TFC PA membranes, LE and
NF90 had lower surface roughness than XLE. However, the
deviation of the roughness values was relatively high, as it

Bacterial Anti-Adhesion of Coated and Uncoated Thin Film

(b) NF90

can be expected for such a heterogeneous membrane
surface. The slightly decreased roughness of the coated
BW30 and SW30HR membranes is most likely due to
deposition of a very thin coating layer. As can be expected in
theory, the additional coating layer fills the valleys of the PA
selective layer. The high deviation in roughness may be
explained by the uneven deposition of the coating. On the
other hand, the uncoated membranes showed similarly the
high deviation of the roughness values. This can be
explained by the differences in the formation of the PA
selective layer, resulting uneven peak-and-valley surface
structure.

3.3. Water Contact Angle and Surface Energy

Table 1 summarises the results on water contact angle and
surface energies with total, polar and dispersive values. The
PVA coated membranes (SW30HR and BW30) had lower
water contact angle and higher surface energy values in
comparison to uncoated membranes (LE, XLE and NF90).
Indeed, the most hydrophilic (27.5°) and highest surface
energy (66.1 mN/m) was measured for SW30HR membrane.
In addition, SW30HR showed the highest polar surface
energy value (24.3 mN/m), among the characterised
membranes. BW30 membrane had slightly higher water
contact angle (43.1°) and respectively, lower surface energy
(55.9 mN/m). Moreover, the polar surface energy (19.2
mN/m) of BW30 was somewhat lower than SW30HR. Based
on the results, the PVA coating increased the polarity of the
TFC PA membrane surface.

Among the uncoated TFC PA membranes, LE membrane
had clearly the lowest values for water contact angle (53.2°)
and respectively, highest for the surface energy (54.6 mN/m).
The surface energy value for LE was almost at the same
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a) SW30HR

b) BW30

Figure 2: The AFM images of the characterised PA TFC membranes a) SW30HR, b) BW30, c) LE, d) XLE and e) NF90.

level with the coated membranes. However, the comparison
of polar surface energy values revealed that LE membrane
surface had lower polarity (11.3 mN/m). In contrast, XLE and
NF90 membranes showed most hydrophobic and non-polar
surface properties, among the characterised membranes. In
fact, the highest value for water contact angle (75.7°) and
respectively, the lowest value for surface energy (37.7 mN/m)

were measured for XLE membrane. Similarly, NF90
membrane showed hydrophobic surface properties. NF90
membrane had slightly lower value for water contact angle
value (69.9°) and respectively, higher value for surface
energy (42.0 mN/m) in comparison to XLE. However, the
polarity of XLE membrane (3.5 mN/m) was higher compared
to NF90 membrane (1.6 mN/m).
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Table 1:  Summary of the Results on Water Contact Angle and Surface Energies
Membrane Water contact angle Total surface energy Polar surface energy Dispersive surface RMS
[o] [mN/m] [mN/m] energy roughness
[mN/m] [nm]
SW30HR 275+4.38 66.1 24.3 41.8 69.6 £ 11.6
BW30 43.1+4.0 55.9 19.2 36.7 56.5+4.5
LE 53.2+9.2 54.6 11.3 43.3 75.1+£22.7
XLE 75.7+5.3 37.7 35 34.2 95.5+20.5
NF90 69.9+£3.9 42.0 1.6 40.4 76.4+12.3

3.4. Bacterial Anti-Adhesion

Biofouling tendency of the membranes is typically studied by
either detecting flux decline or CFU or microscopical analysis
of the attached bacteria [12, 15, 16]. The current study
analysed attachment of the bacteria after soaking the
membranes in the mixture of standard seawater and P.
aeruginosa. Figure 3 presents the results of the viability
analysis of the membrane samples after 24 hour exposure to
P. aeruginosa. The results are presented as logarithmic CFU
value for the detected area cm”.

The attachment of the bacteria was significantly different
between the membranes. Indeed, the decrease in the amount
of viable cells can be observed simultaneously with the
increase of hydrophilicity and surface polarity (see Table 1).
The lowest amount of bacteria was attached to the most
hydrophilic and polar SW30HR and BW30 membranes.
Among the uncoated membranes, LE membrane had
somewhat lower amount of attached bacteria in comparison
to XLE and NF90 membranes. Indeed, the amount of
bacteria found from the surface increased in the order: LE,
XLE and NF90.

The correlation between the polar surface energy and the
attachment of bacteria was investigated in order to gain
further knowledge of the effect of the surface energy on the

5.0 : :

attachment of bacteria. Apparently, the polar surface energy
values correlated clearly with the attachment of the bacteria.
The amount of bacteria decreased identically with the
increase of polar surface energy value. In addition, the type
of the surface roughness may somehow contribute to the
bacteria repellence. However, an exact conclusion cannot be
presented due to heterogeneous surface topography of the
membranes.

3.5. AFM Interaction Force Curve Measurements

Figure 4 presents the AFM interaction force curves for the
BW30 and NF90 membranes. The result provided
complementary knowledge concerning the differences in the
attachment of bacteria on the coated and uncoated
membrane surfaces. The interaction force value was
approximately 0 nN for the coated BW30 membrane. In fact,
the coated BW30 membrane showed almost repulsion forces
to microsphere tip functionalized with carboxylic groups (-
COOH). In contrast, NF90O membrane showed strong
attraction towards the tip. As indicated previously coated
BW30 membrane had more polar and hydrophilic surface
compared to NF90 membrane. Therefore, the polar surface
of BW30 membrane showed more electrostatic repulsion
towards the surface of the tip compared to NF90 membrane.
Based on the experiments, it can be expected that BW30
membrane would be more bacteria or foul repellent. The
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Figure 3: Viable P. aeruginosa cells on different membrane surfaces after 24h exposure.
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Figure 4: AFM force curve results for BW30 and NF90 membranes.

observation explains partly the reason for the lower amount
of bacteria found from BW30 membrane compared to NF90
membrane.

4. CONCLUSIONS

The surface properties of coated and uncoated fully aromatic
TFC PA membrane surfaces were systematically
characterised using TEM, AFM and contact angle
measurements. Among the characterised membranes, the
PVA coated TFC PA membranes showed higher
hydrophilicity and surface polarity as well as lower surface
roughness in comparison to uncoated. The bacteria
attachment test showed differences between the coated and
the uncoated membranes. The increase in hydrophilicity and
surface polarity showed decrease in the attachment of P.
aeruginosa cells. In fact, surface polarity showed better
correlation with bacteria adherence. Moreover, the AFM
interaction force measurement demonstrated higher
repellence performance for the more polar surface. The
amount of bacteria decreased identically with the increase of
polar surface energy value. In addition, the type of the
surface roughness may somehow contribute to the bacteria
repellence. However, an exact conclusion cannot be
presented due to heterogeneous surface topography of the
membranes. To summarise the main findings, a high polar
surface combined with small-size and homogeneous nodular
topography could be an optimal surface with the bacterial
anti-adhesion performance.
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