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ABSTRACT

The formation of biofouling on membrane surfaces is a critical factor that affects the efficiency
of desalination processes, because it creates operational problems and increases the energy and
cleaning requirements. This research studies the efficacy of different membranes in inhibiting the
adhesion of proteins and bacteria on their surface. The adhesion of bovine serum albumin (BSA)
and of Escherichia coli DH50. was studied on four membrane types: polytetrafluoroethylene, poly-
vinylidene fluoride, polyethersulfone and polyamide. Evaluation was performed by using 1 g L™
BSA and a suspension of 10° CFU mL™ of E. coli on both static and dynamic setup. Subsequently,
the membranes were mildly washed with distilled water to remove weakly attached cells and
the concentration of the fouling agent was determined. The results indicate that the adhesion of
both agents is stronger on the hydrophilic membrane surfaces compared to the hydrophobic ones.

Keywords: Biofouling; Membranes; Hydrophobicity; Bovine serum albumin; Escherichia coli

1. Introduction

Global clean water scarcity and the rising demand
of water usable for domestic and industrial use requires
efficient and low-cost water purification technologies.
Membrane-based separation processes, such as reverse
osmosis, tend to be established as the main technologies
not only for seawater desalination, but also for the treat-
ment of various waste streams [1,2]. Membrane-based
processes are easy to handle, have well-arranged process
conductions and their efficiency depends entirely on the
membrane itself [3]. Nevertheless, membrane desalina-
tion is energy intensive, with high pressure pumps being
responsible for more than 40% of the total expenditures and
up to 80% of the overall power consumption of the mem-
brane desalination plants [4]. Membrane fouling has been
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identified as the major drawback in the effort to increase
membrane desalination process efficiency at commercial
scale in terms of sustainability and cost [5]. Membrane
fouling can be categorized into organic fouling, particle/
colloidal fouling, scaling/inorganic fouling and biofoul-
ing [6]. Biofouling is the growth of microorganisms in
the membrane system by utilizing the biodegradable sub-
stances from the water phase and converting them into
metabolic products and biomass, frequently forming a
biofilm [7]. It accounts for more than 45% of all fouling
cases and causes the degradation of plant operations by
reducing flux rates, increasing the volume of reject water,
increasing energy consumption and ultimately causing the
premature replacement of membrane elements [8]. In some
instances, microorganisms of the biofilm might infiltrate
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the membranes and enter into the permeate stream, lead-
ing to the deterioration of the produced water quality [9].
Also, the excretion of acid from biofilms can result in bio-
degradation of the membranes, particularly of cellulose
acetate [10]. Pre-treatment procedures such as pre-filtra-
tion [11] and dosing of biocides [12] are applied, however,
their effectiveness against biofouling is limited due to the
rapid self-reproducing nature of microorganisms [13] and
the use of chemical methods has adverse effects on the
environment and on human health. Therefore, together
with process optimisation, membrane surface modifica-
tion is the key to minimise biofouling [14,15]. In order to
assess the degree in which different membrane surfaces
are prone to organic and biological fouling, apart from pre-
dicting the fouling potential of feed waters [16] and using
microscopic and spectroscopic techniques that allow visu-
alisation of the biofilms and their structure after they are
established [17], most other methods used are specific for
each fouling agent studied.

The objective of this work is to better understand the
effect of different membrane materials on the protein and
bacterial adhesion on their surface in order to facilitate ulti-
mately the selection of antifouling membranes for reducing
costs and energy consumption of the desalination process.
The adhesion of a model protein, bovine serum albumin
(BSA), and of Dbiofilm-forming gram-negative bacteria
E. coli, both of which have been widely used in membrane
fouling research [18,19], were studied on four membrane
types. Furthermore, four different methods were used for
the evaluation of organic and biological fouling. Fouling
was studied both static, in the absence of flux and pressure,
and dynamic, approaching the real operating conditions of
the membranes.

2. Materials and methods
2.1. Membranes characterisation

Four membrane types were tested, two hydrophobic
ones, polytetrafluoroethylene (PTFE) and polyvinylidene
fluoride (PVDF), and two hydrophilic ones, polyethersul-
fone (PES) and nylon. The PTFE membranes (Filtres Fioroni,
Ingré, France), the PVDF membranes (Durapore, Merck,
Darmstadt, Germany) and the polyamide (PA/nylon) mem-
branes (Filtres Fioroni, Ingré, France) used had a nomi-
nal pore size of 0.22 um. The PES membranes (Sterlitech,
Kent, WA, USA) used had a nominal pore size of 1.2 pum.
All the membranes had a diameter of 47 mm.

The measurement of water and of BSA solution contact
angle of the membranes took place using the sessile drop
technique with Drop Shape Analyzer (KRUSS, Hamburg,
Germany). The drop volume of distilled (DI) water and of
the BSA solution was 4 uL. An average of the left and right
contact angles was considered as the mean contact angle and
the measurements were carried out at least four times on
each membrane type, at room temperature.

2.2. Indicator organism

The organism of study was Escherichia coli (DH50).
Before each batch experiment E. coli was incubated in LB

(Luria-Bertani) broth [10 g L™ tryptone (peptone from casein,
Fermtech, Merck KGaA, Darmstadt, Germany), 5 g L™ yeast
extract (MP Biomedicals, LLC, Solon, OH, USA), 10 g L*
NaCl (Penta s.r.o., Prague, Czech Republic), with addi-
tion of 200 pL. NaOH 5 N to achieve a pH of 7.5 for 24 h at
37°C. After incubation, the concentration of the inoculum
was around 3.3 x 10° CFU mL™. A first dilution step was
performed in LB broth to achieve 10® CFU mL™ and subse-
quently in DI water to achieve the required initial concen-
tration for the experiments, that of 10° CFU mL™.

The enumeration was performed by spreading 0.1 mL
of the suspension in duplicates on LB agar [15 g L™ agar,
USP grade (MP Biomedicals, LLC, Solon, OH, USA) in LB
medium] plates followed by 24 h of incubation at 37°C.
The necessary dilution steps took place with the use of LB
broth. All the media used were sterilised by autoclaving at
121°C for 15 min.

2.3. Experimental design
2.3.1. Protein adsorption

Bovine serum albumin (BSA) (Acros Organics, Fair
Lawn, New Jersey, United States) was used as model pro-
tein to evaluate protein adsorption on the investigated
membranes in phosphate buffered saline (PBS) (0.1 mol L7,
pH 7.4). The membrane samples (one for each membrane
type) were cleaned with PBS under ultrasonication for 30 min
and subsequently they were immersed in PBS solution con-
taining BSA (1 g L) at 25°C for 24 h. The protein concen-
tration before and after the adsorption was measured by a
Cary 100 Conc. UV-Vis spectrophotometer (Varian, Inc., Palo
Alto, California, USA) at 280 nm and the amount of adsorbed
BSA was calculated by comparing the absorption intensity
variation.

2.3.2. Protein fouling

Protein fouling was tested in the setup presented in Fig. 1.
The flux of BSA (1 g L™) solution (PBS 0.1 mol L™, pH 7.4)
through each membrane was measured and the fouling ratio
(Rp), defined as the degree of flux loss caused by fouling, was
calculated as follows:

R, = (1—]30}100% 1)
0
where ] is the initial flux of the BSA solution at the begin-
ning of the batch test (L m™ h™) and ], is the flux of the BSA
solution after a single pass for 30 min (L m h™) run time.
Total fouling is the sum of reversible fouling caused by
concentration polarisation plus irreversible fouling caused
by adsorption or deposition of protein molecules on the
membrane surface [20].

2.3.3. Bacterial attachment (static)

The membranes were dipped (in duplicate) for 5 min in
40 mL of an E. coli suspension of 10° CFU mL-". Taking into
account the area of the membranes, the initial inoculum was
3.4 x 10* CFU on top of each membrane. After each test, the
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membranes were mildly washed by being dipped thrice in
200 mL of DI water to remove weakly attached cells.
Sampling was performed by swabbing. Sterile cotton
tipped swabs with plastic stick (Jiangsu Rongye Technology
Co., Ltd., Touqiao, Jiangsu, China) were used to collect sam-
ples from all membranes (duplicate membranes for each
material). Each swab was applied 20 times in one direction
(from left to right and then from right to left) and 20 times
in a 90° perpendicular direction with regard to the first
swabbing direction (from the front to the back and vice
versa). The swabs were held so that the handle created an
about 30° angle with respect to the surface, they were rotated
slowly each time and, as much as possible, a similar pres-
sure was continuously applied. The swabs were submerged
in a sterile tube with 2 mL of 0.1% peptone physiological salt
solution to be moistened prior to swabbing. After sampling
the swabs were stirred rigorously in the same solution as
eluent and the suspension was plated for colony counting.

2.3.4. Bacterial attachment (dynamic)

The experimental design consisted of batch tests with
all the membranes tried in duplicates. A volume of 100 mL
of the E. coli suspension of 10° CFU mL™" was filtered with
a constant feed pressure. The permeate stream was dis-
carded and the concentrate was recycled back to the feed
tank. The process flow diagram is similar to Fig. 1, with the
difference that the concentrate was recycled.

Following each test, the membranes were mildly washed
by being dipped thrice in 200 mL of DI water to remove
weakly attached cells and subsequently placed in vials con-
taining 10 mL on LB broth and were incubated for 16 h at
37°C under continuous stirring at 220 rpm. After incuba-
tion, the suspension was spread for enumeration by colony
counting. In parallel, LB broth was incubated in the same
conditions and plated as a control, to make sure that the
medium was sterile. Furthermore, the inoculum suspen-
sion was also plated after the end of each batch experiment
to account for any die-off of the bacteria.

2.4. Data analysis

To investigate whether the membranes used had a sta-
tistically significant effect on the concentrations of bacteria

Feed tank

counted, two-factor analysis of variance with replication
(all the membranes were tested in duplicate) was performed
for the log,  values of the bacterial concentrations measured,
with a significance level, o, of 0.05. The null hypothesis
was that the concentrations of E. coli came from distri-
butions with equal population means.

3. Results and discussion
3.1. Membrane characterisation

The contact angle of water was measured on all mem-
branes in order to determine the hydrophobicity of the
membranes. The two hydrophobic membranes, PTFE
and PVDEF, had mean contact angles of 128.45° + 3.71° and
122.56° + 0.34°, respectively. The two hydrophilic mem-
branes, PES and PA had contact angles of 38.18° + 5.62° and
34.56° + 3.89°, respectively. The contact angles of the BSA
solution were similar with water on the hydrophilic mem-
branes and slightly higher than for water on the hydropho-
bic membranes. The pictures and the values can be seen in
Table 1. It must be noted that since contact angle is affected
by porosity [21], the contact angle of PES with pore size
1.2 pm is not directly comparable with that of nylon and of
the other membranes which have a pore size of 0.22 pm.

In literature, the water contact angle of PTFE membranes
(of mean pore size of 0.17 um) was measured to be around
120° [22] and 128° + 2° [23], of PVDF membranes, 145° + 2°
(nominal pore size 0.2 um) [24], of PES membranes about 60°
(pore size 2-5 nm) [25] and 52.3° (pore size 98 nm) [26], of a
nylon 66 film 52.8°-58.0° [27].

3.2. Protein attachment and fouling

The BSA amount adsorbed on the membranes, is calcu-
lated from the difference in BSA concentration in the solution
before and after the period of exposure of the membranes
and was calculated as 14.0, 15.0, 17.6 and 34.1 mg BSA per g
of membrane respectively for PTFE, PVDF, PES and nylon,
as is presented in Fig. 2.

Protein adhesion on membranes is one of the most
important evidence in evaluating the fouling resistance of
membranes [20]. The hydrophobic membranes showed bet-
ter antifouling properties against BSA than the hydrophilic
ones, as presented in Fig. 3 and Table 2.

— >  Concentrate
Concentrate valve

Pressure gauge

@)
=y
Feed pump

Fig. 1. Process flow diagram of the experimental setup.
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Table 1
The measurement of water contact angles and BSA solution contact angles on PTFE, PVDF, PES and nylon membranes
PTFE PVDF PES Nylon
g
]
= R ™ TN
128.45° £ 3.71° 122.56° + 0.34° 38.18° £ 5.62° 34.56° + 3.89°
o
)
=]
=
2
<
%)
m -
143.40° + 0.57° 137.60° £ 2.13° 36.80° + 3.67° 41.00° +£4.10°
35 It can be seen from Fig. 3 that the flux on all membranes
@ decreased by at least 70% in the first 30 min. Protein mol-
£ 30 ecules in the feed solution, deposited or adsorbed on the
E membrane surface, cause a drop in flux rapidly during
25 . . .
i the first few minutes of operation, as was also observed by
E 20 Stafie et al. [28]. The flux was reduced faster on the hydro-
e philic membranes compared to the hydrophobic ones with
8 15 nylon in particular reaching a flux loss of more than 80%
g after 22 min. These observations agree to the conclusions
< 10 of Jeyachandran et al. [29] that the adsorption and interac-
E S tion of BSA molecules were much stronger on hydrophilic
surfaces compared to hydrophobic ones. Findings from
0 molecular modelling revealed that BSA molecules interact
PTEE PVDF PES Nylon with hydrophobic surfaces through CH, group and with

Fig. 2. The amount of BSA adsorbed on each membrane per
weight of the membrane.

hydrophilic surface with polar -COOH groups [29].
Additionally, Zhang et al. [30] showed that the amount
of fouling by humic acid was lower on PES membranes

100% W
P 3 ’
o0% | M * o
0,
80% B ¥
70% = *
60% < @ PTFE
|
11y (%) 50% n ; X PVDF
40% I—*x—o— PES
| X ¢ ¢ M Nylon
0, N
30% = B - Al S Tt y
0,
20% l—l—‘. B
10%
0% ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Time (min)

Fig. 3. Time courses of the flux (J) of the tested membranes during filtration of BSA solution normalised as divided by the flux

at the beginning of each batch test (] ).
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Table 2
Experimental parameters of the tests for BSA adsorption

Membrane Initial permeance Permeance@ Permeance Initial recovery Recovery@ R, %
type (LMH/bar) 30 min (LMH/bar) loss (%) (%) 30 min (%)
PTFE 476 114 76.1 35.71 8.57 76.05
PVDF 943 257 72.8 62.86 17.14 72.74
PES 7,714 1,714 77.8 51.43 11.43 77.78
Nylon 2,228 386 827 74.29 12.86 82.68
Table 3 50
Experimental parameters of the batch tests for E. coli adsorption
(dynamic experiment) _ 45
g 40
Membrane Permeance E. coli concentration =
type (L b m2 bar™) (CFU mL") g 35
(o]
PTFE 720 5.7 x 10 5 390
PVDF 2,220 4.5 x10° S T
PES 75,480 9.4 x10° 5 2
Nylon 5,280 14.4 < 10° 40
15
Inoculum PTFE PVDF PES Nylon

modified by hydrophobic additives compared to unmodi-
fied ones. Choo and Lee [31] reported that the most hydro-
phobic PVDF showed smaller fouling tendency than poly-
sulfone and cellulose acetate (CA) membranes, during fil-
tration of anaerobic digestion broth, while Chen et al. [32]
concluded that the flux decrease rate of the membranes
followed the order CA > PVDF > PES membranes, with
CA being the most hydrophilic one among them.

On the other hand, it has been claimed that hydro-
phobic surfaces are in general more prone to initial bac-
terial adhesion and biofouling compared to hydrophilic
ones [21] and that fouling increases with an increase in the
hydrophobicity of polymer surfaces [33]. This assumption
is reasonable in the case of hydrophobic organic mole-
cules which are attracted towards hydrophobic surfaces,
but it is not safe to extrapolate any correlation to all foul-
ing agents or to extremely hydrophilic or hydrophobic sur-
faces [33]. It is noteworthy that both super-hydrophobic
and super-hydrophilic surfaces may present antifouling
properties; the first by supporting a thin air layer between
the membrane and the water phase, and the latter by pre-
ferring contact with water than with fouling agents [34].
This supports the fact that surface hydrophobicity itself
is not enough to evaluate the extent of fouling [31], as the
fouling behavior of membranes can only be predicted from
the combined knowledge of solution chemistry, surface
chemical properties and surface morphology [32].

3.3. Bacterial attachment: static and dynamic experiments

For the static tests, the membranes were dipped in the
E. coli suspension and were subsequently mildly washed.
Sampling was performed by swabbing and the results are
presented in Fig. 4.

The population of E. coli on both hydrophobic mem-
branes was found to be below the detection limit of 20 CFU,
while on the hydrophilic membranes at least 1% of the

Fig. 4. The population of E. coli in the inoculum suspen-
sion and as detected on the surface of each membrane (static
experiment).

inoculum concentration was detected on the membrane
surfaces.

The results of the microbiological tests of the dynamic
experiment can be seen in Fig. 5 and Table 3.

The statistical analysis of the results with analysis of
variance showed that the differences in E. coli concentra-
tions between different membrane types were statistically
significant (p = 0.005). Also, as it was expected, the duplicate
samples for each membrane type had no significant differ-
ence (p =0.18).

First of all, it is assumed that E. coli cells did not infil-
trate through any of the membranes because they have a
size of approximately 1 pum = 3 um [35], larger than the pore
size of the membranes used.

In general, it has been shown that hydrophilic bacteria
prefer hydrophilic surfaces while hydrophobic bacteria
prefer hydrophobic surfaces [21]. Van Loosdrecht et al.
[36] measured the water contact angles of different bacte-
ria collected on micropore filters, resulting in 15.7° + 1.2°
for E. coli NCTC 9002 and 24.7° + 0.4° for E. coli K-12.
Similar study conducted by Van der Mei et al. [37] on
different cell lawns confirmed that all E. coli strains had
hydrophilic water contact angles between 17° and 57°.
Additionally, Zhang et al. [38] using surface free energy
as a measure of cell surface hydrophobicity determined
that E. coli DH50, the strain used in the current research,
had a surface free energy of 65.1 mJ] m=, classified as
the most hydrophilic among the bacteria they studied.
The above findings are in agreement with the results of
this study where E. coli attachment was higher on the
hydrophilic membranes compared to the hydrophobic
ones in both the static and dynamic experiments.
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Table 4

Summary of experimental parameters for the four membrane types tested

Membrane Poresize  Water BSA adsorption Flux loss due  E. coli population E. coli concentration in
type (pm) contact (mg adsorbed to BSA fouling  adsorbed on each the dynamic experiment
angle (°) BSA/g membrane) R, (%) membrane in the static (CFU mL™)
experiment (CFU)
PTFE 0.22 128.45+3.71 14.0 76.0 <20 5.7 x10°
PVDF 0.22 12256 +0.34 15.0 72.7 <20 4.5x10°
PES 1.2 38.18 +5.62 17.6 75.0 42 x10? 9.4 x108
Nylon 0.22 34.56 +3.89 34.1 82.7 2.7 x 107 14.4 x 108
10.0 determination of biofouling during the continuous oper-
-~ 95 ation of membrane modules. Such examples are the mea-
I 90 T surement of biofilm thickness with the use of ultrasonic
2 time-domain (UTDR) and frequency-domain (UFDR) reflec-
S 85 ) .
= tometry techniques [40], surface-enhanced real-time Raman
< 80 spectroscopy (SERS), which also allows the differentiation
2 75 of fouling types and their changes over time [41], or optical
£ 70 coherence tomography (OCT), a technique which uses back-
S s scattered light to produce real-time dynamic cross-sectional
3 images of the fouling layer [42]. Innovative bacterial growth
S o0 potential methods have also been developed to monitor
R the fouling potential in reverse osmosis systems [43,44].
5.0 All these efforts are important for the design of mem-
PTFE PVDF PES Nylon branes with antifouling properties with the aim to lower

Fig. 5. The resulting E. coli concentrations after incubation of
the membranes in LB broth for the four samples (dynamic
experiment). Error bars indicate the standard deviation.

The overall results from all the experiments are sum-
marised in Table 4.

3.4. Practical implications

This work aims to provide a better understanding of
biofouling on different commercial membranes studied
with a variety of methods. For a holistic understanding of
biofouling mechanisms in real operational conditions it is
important to assess all the characteristics of the membranes
that affect it, such as hydrophobicity, surface charge, rough-
ness, topography, stiffness, etc. for a wider range of mem-
branes, including the use of additives. Also, information on
the separating layer of commercial membranes is not suf-
ficient for a full interpretation of membrane performance,
as the performance also depends on the support layer and
on the solvent used for the dissolution of the polymer
during the synthesis of the membranes [39]. Moreover,
further studies of a wider variety of fouling agents, both
proteins and bacteria (including gram-positive bacteria
and eventually a natural microbial consortium) with differ-
ent hydrophobicity levels are strongly recommended. The
use of the dynamic setup was an important step towards
studying a multitude of operating conditions, because
it has been reported that bacterial adhesion has not been
studied thoroughly under pressure [21].

Furthermore, itis important to develop new and improve
the existing non-destructive techniques for real-time in-situ

environmental impact and provide affordable water of good
quality.

4, Conclusions

Under the studied conditions, in all static and dynamic
experiments, higher levels of BSA and E. coli were adhered
on the hydrophilic membranes (PES and nylon) compared
to the hydrophobic ones (PTFE and PVDF). This obser-
vation was explained based on the hydrophilic nature of
both fouling agents and leads to the conclusion that the
hydrophobicity of potential fouling agents should be taken
into account before assessing the antifouling properties of
membranes.

In terms of methodology, although the static methods are
easier and faster for studying protein fouling, the dynamic
ones provide a better understanding of the mechanisms
involved in real operational conditions. Furthermore, for
bacterial enumeration, swabbing provides a good estimation
of the actual population of bacteria adsorbed on the mem-
branes, while incubation of membranes in LB medium can
detect the presence of lower numbers of bacteria attached
but it only provides a comparative analysis and not the
actual population of bacteria attached.

Symbols

R, —  Fouling ratio, defined as the degree of flux loss
caused by fouling

I — Initial flux of the BSA solution at the beginning
of the batch test, Lm=2h!

I —  Flux of the BSA solution after 30 min run time,

Lm?h!
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