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ARTICLE INFO ABSTRACT

Algal-derived organic matter (AOM), particularly transparent exopolymer particles, has been suspected to fa-
cilitate biofilm development in membrane systems (e.g., seawater reverse osmosis). This study demonstrates the
possible role of AOM on biofouling in membrane systems affected by marine algal blooms. The tendency of AOM
from bloom-forming marine algae to adhere to membranes and its ability to enhance biofilm growth were
measured using atomic force microscopy, flow cytometry, liquid chromatography and accelerated membrane
biofouling experiments. Adhesion force measurements indicate that AOM tends to adhere to clean membranes
and even more strongly to AOM-fouled membranes. Batch growth tests illustrate that the capacity of seawater to
support bacterial growth can significantly increase with AOM concentration. Biofouling experiments with spiral
wound and capillary membranes illustrate that when nutrients availability are not limited in the feed water, a
high concentration of AOM — whether in suspension or attached to the membrane — can substantially accelerates
biofouling. A significantly lower biofouling rate was observed on membranes exposed to feed water spiked only
with AOM or easily biodegradable nutrients. The abovementioned findings indicate that AOM facilitates the
onset of membrane biofouling primarily as a conditioning platform and to some extent as a nutrient source for
biofilm-forming bacteria.
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translates to reduced water production capacity of the desalination
plant.

1. Introduction

The growth and accumulation of biological matter on reverse os-
mosis (RO) membranes is a major operational challenge in membrane-
based desalination plants [1-4]. This phenomenon adversely impact the
RO performance due to increased required driving pressure to com-
pensate for the reduction of membrane permeability and higher head
loss across spacers or membrane bundles as well as declining product
water quality due to increased salt passage through the membrane.
Recovering the reduced system performance would further increase
operational cost due to frequent chemical cleanings and replacement
of damaged or irreversibly fouled membranes. Prolonged system
downtime during chemical cleaning or membrane replacement also

The processes leading to biofouling in RO membranes can be de-
scribed in four phases, namely: (1) surface conditioning, (2) bacterial
adhesion and colonization, (3) biofilm formation and (4) biofouling [5].
Initially, organic macromolecules adsorb on the surface of a clean
membrane eventually leading to the formation of a “conditioning film”.
These fast adsorbing organic substances are mainly anionic biopoly-
mers, which tends to increase the capacity of the surface to absorb and
concentrate nutrients from the feed water of the RO membrane [6,7].
Fast adhering bacteria from the feed water first colonize the “condi-
tioned surfaces” and eventually form micro-colonies. Bacterial com-
munities that produce a relatively large amount of extracellular
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polymeric substances (EPS) are most likely to be the primary colonizers
[8,9]. Further growth of primary colonizers and subsequent adhesion of
more species of bacteria may lead to a rapid increase in bacterial co-
lonies and accumulation of excreted EPS, eventually forming a layer of
slime known as “biofilm” [10]. When biofilm thickness or its hydraulic
resistance increase over time and surpass the operationally defined
“level of interference” on the RO system, such phase is considered as
biofouling [11]. In practice, such “level of interference” is often defined
as = 10% decrease in normalized flux, = 10% increase in feed channel
pressure drop, and/or = 5% increase in salt passage [12,13]. Chemical
cleaning-in-place (CIP) is typically recommended when at least one of
these criteria is exceeded.

In surface water, natural organic substances that can potentially foul
RO typically comprise biopolymers from phyto- and bacterio-planktons
[14,15]. This pool of organic substances may be colonized, degraded or
utilized as nutrients to support growth of bacteria and biofilm forma-
tion in RO membranes. Back in the eighties, Winters et al. [7] suspected
that Alcian Blue stainable substances in seawater are mainly involved in
the surface conditioning of RO membranes. Alcian Blue is a cationic dye
known for its specific affinity to acidic polysaccharides and glycopro-
teins [16]. A decade later, Alldredge et al. [17] developed the first
technique to quantify Alcian Blue stainable substances in seawater
which they operationally defined as transparent exopolymer particles
(TEP). It took another decade before TEPs were eventually implicated
as “major initiators” of biofilm in RO membranes [18]. This then paved
the way for various investigations related to the impact of these sub-
stances in membrane-based water treatment systems [19-25].

Bar-Zeev et al. [26,27] proposed a “revised paradigm of aquatic
biofilm formation facilitated by TEPs” where they emphasize the im-
portant role of TEPs in the conditioning and bacterial colonization of
surfaces exposed to surface water. In seawater, TEPs tend to have a
highly adhesive surface, with reported stickiness of about 2-4 orders of
magnitude higher than other suspended particles [28]. These gel-like
substances are often associated with or tend to absorb proteins, lipids,
trace elements and heavy metals from the water [28], making them a
nutritious platform and a hotspot for bacterial activity [17,29].

The abundance of TEPs in seawater is generally associated with the
occurrence of algal blooms as they are a major component of substances
produced by phytoplankton, commonly known as algal organic matter
(AOM; [28,30]). In seawater RO desalination plants, granular media filters
(GMF) are usually installed to pretreat seawater prior to the RO system.
During algal blooms, GMF - in combination with inline coagulation - is
expected to reduce the concentration of algal cells and AOM in the RO
feedwater. However, a substantial breakthrough of these materials in GMF
is still likely to occur due to its relatively large pores (typically 150 um).
This can rapidly cause organic fouling and eventually enhance biofouling
in the downstream RO membranes. Currently, pretreatment with micro-
filtration (MF) or ultrafiltration (UF) is increasingly used as an alternative
for GMF because it is expected to be more effective in terms of algae and
AOM removal during severe blooms [31]. Nevertheless, complete removal
of AOM has not been achieved with the current MF/UF membranes [32].
A better understanding of the impact of AOM on membrane biofouling is
therefore important to support development of effective pretreatment and
cleaning strategies for membrane-based desalination plants impacted by
algal blooms.

The effect of AOM in the feed water on the operation of capillary/
tubular UF membranes [20,24,33,34] and polyamide thin film com-
posite membranes [35-38] have already been demonstrated in previous
studies. However, these studies mainly focused on the short-term direct
effect of AOM on membrane fouling (organic or particulate fouling)
rather than their role in biofouling development. The present study
aims to elucidate the impact of AOM on the various processes leading to
biofouling in capillary and spiral wound membranes. This was im-
plemented using advanced analytical techniques including atomic force
microscopy, flow cytometry and liquid chromatography, and further
illustrated through accelerated membrane biofouling experiments.
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2. Materials and methods
2.1. Extraction of algal organic matter

A strain (CCAP 1010/27) of a common species of bloom-forming
marine alga, Chaetoceros affinis, was inoculated in a batch culture with
sterilized f/2 + Si medium [39] in artificial seawater (ASW).

The procedure of preparing the ASW and maintaining the culture
are described in our previous works [40,41]. The culture was main-
tained until it reached the stationary phase and then the AOM solution
was extracted by sedimentation and filtration as described by Villacorte
et al. [42]. The algal culture was not totally axenic which means that
bacteria were present in the AOM solution. It should be noted, however,
that bacteria are always present during algal blooms in natural waters.

2.2. Liquid chromatography — organic carbon detection (LC-OCD)

Selected water samples collected from the growth potential tests
were analyzed using LC-OCD technique as described by Huber et al.
[43]. LC-OCD analysis fractionates the constituents of organic materials
in terms of biopolymers, humic substances, building blocks, low mo-
lecular weight (LMW) organic acids and organic neutrals. Typically, LC-
OCD analysis is performed after pre-filtering the sample through
0.45 um filters. For this study, LC-OCD was performed without pre-fil-
tration and water samples were directly fed through a series of two
chromatogram columns (HW65S and HW50S). The theoretical max-
imum chromatographable size without sample pre-filtration was 2 pm
[44].

2.3. Atomic force microscopy

Force measurements using an atomic force microscope (AFM) have
been performed in various studies to determine the affinity of model
foulants to membrane surfaces [45-47]. In the present study, the ad-
hesive strength of AOM was determined by measuring the interactions
between a polystyrene microsphere coated with AOM and clean or
AOM-fouled membranes in ASW solution. The adhesion force and en-
ergy were established following the protocol described by Villacorte
et al. [48]. Briefly, AFM cantilevers with attached polystyrene (PS)
microspheres with a diameter of 25 pm (Novascan Technologies, USA)
were submerged in a petri-dish filled with AOM solution (~5 mg C/L)
for 5 days at 4 °C to allow adsorption of AOM. The surfaces of clean
capillary and spiral wound membrane were represented by a flat sheet
polyethersulfone UF membrane (Omega 100 kDa MWCO, Pall Corp.)
and a polyamide thin-film composite RO membrane (Filmtec BW30,
Dow), respectively. Before the experiment, the UF membrane was
cleaned by soaking in ultra-pure water for 24 h and then filtering
through > 10 mL ultrapure water. Coupons (~1cm X 10cm) of
polyamide RO membranes were stored in 1% sodium bisulphite solu-
tion for at least 24 h and then rinsed with ultra-pure water before the
experiment. An AOM-fouled membrane surface was represented by a
UF membrane fouled by filtering through 5mL of AOM solution at
60 L/m*/h flux.

Force measurements were performed at room temperature (~ 20 °C)
using a ForceRobot 300 (JPK Instruments) provided with a small vo-
lume liquid cell filled with ASW solution. The cantilevers' sensitivity
and spring constant were calibrated using the ForceRobot program. In
principle, as the AFM cantilever with PS microsphere is moved towards
or retracted from the membrane surface, the AFM cantilever deflects
depending on the direction and magnitude of the forces between the
two surfaces. Interaction force curves as a function of the separation
distance between the tip and the membrane surface are then generated
based on Hooke's law. Each force measurement cycle generates two
force-distance (F-D) curves: the approach force curve and the retract
force curve. The approach force curve shows the force interactions
between the AOM coated microsphere probe and the membrane surface
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at different separation distances. The retract force curve exhibits the
adhesion force which was keeping the probe surface and the membrane
surface together after contact. The adhesion force is identified as the
maximum negative force recorded in the retract curve. Furthermore,
the total energy needed to completely separate the two surfaces from
contact was calculated by integrating the measured negative forces over
the separation distance in the retract curve. For this study, the average
force and energy values were calculated based on at least 18 force-
distance curves generated at 6 different surface locations of the mem-
brane sample.

2.4. Marine bacteria

A common species of marine bacteria, Vibrio harveyi was used as
model seawater bacteria. This species has been used as a standard
bacterium for measuring assimilable organic carbon (AOC) in seawater
[49]. A pure strain of the bacteria (NCCB 79042) was inoculated in
sterilized saline (34 g/L) medium for lucibacterium and incubated at
30 °C until the concentration reach ~100 million cells/mL. The solu-
tion was then diluted 100 times with ASW for the biofouling experi-
ments. Cell concentration was measured based on the number of co-
lonies grown and incubated at 37 °C on peptone agar media for
24-48 h.

2.5. Bacterial growth potential test

The AOM solution used in the growth potential test was pre-filtered
through 0.2 um polycarbonate membranes (Whatman Nuclepore) to
remove bacteria which may be present in the batch culture. To remove
low molecular weight constituents and residual medium nutrients from
the solution, the filtered solution was then dialyzed against ultra-pure
water dialysate (replenished twice a day) for 3 days inside a 3.5 kDa
MWCO regenerated cellulose membrane sack (Spectra/Por 3,
SpectrumLabs). LC-OCD analysis was performed on the dialyzed AOM
solution to measure the final biopolymer concentration (see Section
2.2).

To prepare the batch solutions, seawater samples were collected at
the intake of an RO plant in Jacobahaven, the Netherlands (North Sea
Coast). The bacterial concentration of the raw seawater was measured
using the flow cytometric technique described in the Swiss guideline for
drinking water analysis [50,51]. A portion of the collected seawater
sample was filtered through a 0.2 pm polycarbonate filter by vacuum
filtration to remove bacteria. Eight AOC-free bottles, cleaned by fol-
lowing the protocol of Hammes and Egli [52], were filled with 730 mL
of filtered seawater. Different volumes of dialyzed AOM solutions and
sterilized ASW (~ 34 g/L) were added to the bottles to make up 800 mL
solutions with different concentrations of AOM (0, 0.08, 0.4 and
0.8 mgC/L) in duplicates. A consortium of seawater bacteria was in-
oculated by adding 8 mL of raw seawater (~ 1 million cells/mL) to the
different solutions for an initial concentration of ~10,000 cells/mL.
The sample bottles were securely covered with caps and incubated at
room temperature (20 * 2°C). The concentration of bacteria was
monitored in all bottles for several days. For each bottle, the net growth
was calculated by deducting the maximum cell count during the in-
cubation period with the initial cell count. To monitor changes in
concentration and composition of organic matter, LC-OCD analyses
were performed for water samples collected from the bottle containing
0.8 mg C/L at the beginning (day 0) and the 4th day of the bacterial
growth potential test.

2.6. Cross-flow capillary membrane set-up

Biofouling experiments were performed using a lab-scale capillary
membrane system operated in cross-flow and inside-out filtration mode
(Fig. 1). The capillary membrane has an internal diameter of 0.8 mm
which is consistent with the typical channel height of a spiral wound
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RO membrane. The membrane used was a tight polyethersulfone UF
membrane (7 kDa MWCO) to allow retention of most biopolymers on
the membrane surface [42]. The setup comprises a membrane module
(1 m effective length) fabricated by inserting two capillary membranes
into 8 mm diameter polyethylene tube. Both ends of the tubing (except
the capillary ends) were sealed with water-proofing resin. A permeate
outlet was positioned in the middle of the module to allow inside-out
filtration. The filtration system was equipped with a multi-channel
peristaltic pump (Masterflex L/S 77201-60) to provide consistent feed
flow to multiple modules and pressure sensors (Endress + Hauser
PMD70) to record pressure drop and concentrate pressure. A digital
balance (Sartorius TE3102S) was employed to measure permeate flow.
The cross-flow velocity (CFV) and permeate flux (J) were set to the
required values by adjusting the speed of the feed pump and manually
regulating the valve on the concentrate side. Since the CFV and J can
gradually change over time, re-adjusting them back to the initial flow
settings were performed for at least twice a day. All the tests were
performed at room temperature (20 * 2°C), flux of 15L/m%*h
and cross-flow velocity of 0.15m/s. Under this condition, the
capillary membranes showed an average clean water resistance of
7.9 x 10" ( + 15%) m ™~ ! and feed channel pressure drop of 78 mbar
( £ 5%). The membrane resistance of low molecular weight cut-off UF
was about 5-7 times higher than in most commercial UF membranes
(100-300 kDa).

2.7. Membrane fouling simulator

Biofouling experiments were also performed using membrane
fouling simulators (MFS) to mimic biofouling in spacer-filled RO
membrane channels. The principle and design specifications of the MFS
flow cell are described by Vrouwenvelder et al. [53]. The MFS set-up
used in this study is presented in Fig. 2. A multi-channel peristaltic
pump (Masterflex L/S 77201-60) was used to provide constant feed
water flow to multiple MFS flow cells from and back to the feed tanks.
The feed tanks were elevated 0.6 m above the MFS cells to minimize
bubble formation in the cells that may interfere in the biofilm accu-
mulation and pressure drop readings. To measure the pressure drop
through the MFS cell, differential pressure sensor (Endress + Hauser
PMD75) was installed. The MFS flow cells were fitted with Trisep TS80
spiral wound RO membranes coupons (4 cm X 20 cm) and feed spacers
[54]. Before the experiments, the coupons were stored in 1% sodium
bisulphite solution for at least 24 h and then rinsed with ultra-pure
water. Feed channel pressure drop readings were recorded over time.
Before each recording, the linear cross-flow velocity across the MFS cell
was verified and the feed flow was adjusted when necessary.

2.8. Biofouling experiments

Three sets of tests were conducted to investigate the effect of (1)
AOM spiked in the feed water of the capillary membrane, (2) AOM as a
conditioning layer on the surface of the capillary membrane and (3)
AOM as a conditioning layer on the surface of the spiral wound mem-
brane. Tests 1 and 2 were performed with the cross-flow UF set-up
while Test 3 was performed with the MFS set-up. Each set of tests was
performed with 2 or 4 identical units operating in parallel and identical
flow settings. Both the concentrate and permeate were recycled back to
the feed tank in all tests. Unless otherwise specified, CNP nutrients
(0.2 mgC/L, 0.04 mg N/L, 0.01 mg P/L) were added intermittently to
the feed water to accelerate biological growth on the membranes and to
ensure the feed water is not nutrient limited [55]. To mimic bacterial
growth in seawater, an untreated natural seawater (NSW) sample from
an RO plant (10% of total feed volume) or a common marine bacterium
V. harveyi (~1 million cells/mL) was introduced to the feed solution at
the beginning or after the conditioning phase of the experiments.
Table 1 describes the test conditions.
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Fig. 1. Cross-flow filtration set-up with capillary membranes.

2.9. Membrane autopsy

Autopsies were performed for selected experiments using the ca-
pillary set-up and MFS. For the capillary membranes, the module con-
taining capillaries were first frozen, cut into small pieces (3-5 cm) and
soaked in plastic cups containing 100 mL of ultra-pure water, covered,
vigorously mixed and placed in a sonicator bath (Branson 2510E-MT)
for 15 min. For spiral wound membranes, both the fouled membrane
and spacers were soaked in ultrapure water and sonicated for 15 min.
Sample solutions from the sonicated membrane samples were used to
measure TOC, TEP and V. harveyi plate counting analysis (see Section
2.4). TOC was measured using the Shimadzu Vcpy TOC analyzer. TEP
measurement was based on the method by Passow and Alldredge [56]
with the latest modifications introduced by Villacorte et al. [48].

2.10. Hydraulic calculations

The water flux through a semi-permeable membrane is inversely
proportional to the hydraulic resistance of the membrane. When biofilm
accumulates on the surface of the membrane, additional resistance is
generated. This can be explained based on the resistance in series model
derived from Darcy's Law.

jo_ Ap
N Ry + Re) 1)

Feed tank

A

mdifferential pressure sensor

where J is the membrane permeate flux, AP is the differential pressure
between the feed and permeate side of the membrane, n is the dynamic
water viscosity, Ry, is the membrane resistance and R, is the gel or
biofilm resistance.
Rearranging Eq. 1 to calculate the cake resistance;
_ AP
= - — ’m

nJ (2)
Biofilm accumulation in cross-flow membrane systems can also
cause increase in the feed channel pressure drop due to partial clogging
or constriction of some portions of the feed channel. The feed channel
pressure drop (APy.) is measured as the difference between the recorded

pressure in the feed (Pg) inlet and concentrate (P.) outlet of the mem-
brane module as shown in Eq. 3.

AP =P — E 3

R.

3. Results and discussion
3.1. AOM adhesion on membranes

To evaluate the propensity of AOM to adhere to membrane surfaces,
AOM to membrane and AOM to AOM interactions were measured using
AFM. Fig. 3 shows the force-distance curves generated from the ex-
periments and Fig. 4 shows the pull-off forces on retraction and the
corresponding adhesion energies.

Fig. 2. Membrane fouling simulator set-up with
spiral wound membrane.
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Experimental conditions implemented to investigate the role of AOM on biofouling development in capillary and spiral wound membranes.

Test code Membrane type CFV (m/s)/flux (L/

m?>h)

Feedwater
composition

Marine bacteria Autopsy on day Remarks

1) Effect of AOM suspended in feed water (results in Section 3.3)

Cl Capillary 7 kDa PES UF  0.15/15 90% (ASW, AOM)
+10% NSW
Cc2 90% (ASW, C, N, P)
+ 10% unfiltered NSW
Cc3 90% (ASW, AOM, N, P)
+ 10% unfiltered NSW
C4 90% (ASW, AOM, C, N, P)

+ 10% unfiltered NSW

2a) Effect of AOM conditioning in capillary membrane (results in Section 3.4.1)

Cc5 Capillary 7 kDa PES UF  0.15/15 Day 0-5: ASW, AOM
Day 5-7: ASW, C, N, P
Cc6 Day 5-7: ASW, C, N, P

2b) Effect of AOM conditioning in spiral wound membrane (results in Section 3.4.2)
S7 Spiral wound PA RO 0.20/0 Day 0-2: ASW, AOM
Day 2-3: ASW, V. harveyi
Day 3-11: ASW, C, N, P
S8 Day 0-2: ASW, AOM
Day 2-3: ASW, V. harveyi
Day 3-11: ASW, C, N, P
S9 Day 2-3: ASW, V. harveyi
Day 2-20: ASW, C, N, P
Day 2-3: ASW, V. harveyi
Day 2-20: ASW, C, N, P

S10

Bacterial consortium from NSW added - Organic fouling by AOM

at Day 0
- Biofouling without AOM
- AOM as carbon nutrient
- Biofouling with AOM
V. harveyi 7 With AOM pre-conditioning

introduced on Day 5
7 Reference/control

V. harveyi introduced on Day 2-3 10 With AOM pre-conditioning 1

20 With AOM pre-conditioning 2
20 Reference/

control 1
20 Reference/

control 2

Abbreviations: CFV = cross-flow velocity; AOM = algal organic matter; PES = polyethersulfone; PA = polyamide; ASW = artificial seawater; NSW = natural seawater; C = 0.2 mg C/

L; N = 0.04 mg N/L; P = 0.01 mg P/L.

3.0 3 . 3 -
(b) (c)
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=
2 -4.5 -16 4
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Fig. 3. Characteristic force-distance curves showing interactions between different surfaces: (a—c) approach force curves; (d—f) retract force curves. AOM tends to adhere more on
membrane covered with AOM than a clean one. PS = clean polystyrene tip; PES = polyethersulfone membrane; PA = polyamide membrane; AOM = algal organic matter fouled PES

membrane.

The generated approach curves indicate that short-range attraction
forces exist between the clean polystyrene particle and the clean
membrane surfaces (Fig. 3a). The attraction between clean polystyrene
and clean membranes may be due to van der Waals interaction, hy-
drogen bonding and/or hydrophobic interaction. The PS particle is
hydrophobic and probably prefers contact with the membrane surface
over contact with water. After soaking the polystyrene probe for 5 days
in AOM solution, the interaction between the probe and the membranes
changed to rather long range repulsion (Fig. 3b). This confirms the
adsorption of AOM to the hydrophobic polystyrene microspheres after

the soaking process. Both the membranes [57,58] and AOM [59] are
known to be (slightly) negatively charged. However, electrostatic re-
pulsion may have not played a significant role in the interaction be-
tween the membranes and the AOM-coated probe. This is due to the
high ionic strength in ASW solution, which screens the charges and
limits the range of electrostatic interactions to distances of < 1 nm
[60]. The long-range (order 1 pm) repulsion can therefore be attributed
to the resistance exerted by the soft AOM layer as it is gradually
squeezed in between the microsphere probe and the membrane surface.

The retraction curves generated after clean polystyrene particles
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Fig. 4. Comparison of average retract forces and energies between AOM-coated prove
and clean or AOM-fouled membrane surfaces. The magnitude of both the retract force and
energy is much higher on AOM covered membrane than on clean polyethersulfone (PES)
or polyamide (PA) membrane.

were brought into contact with clean membranes illustrate that these
particles adhere more strongly on the PES membrane than on the
polyamide membrane (Fig. 3d). However, when coated with AOM, the
probe adheres more strongly on polyamide membranes than on PES
membranes (Fig. 3e). On the other hand, the adhesion between AOM-
coated polystyrene particles and AOM-fouled membranes appears to be
substantially stronger than the adhesion between the AOM probe and
the clean membranes (Fig. 3f). Moreover, adhesion was observed over a
much larger distance. This shows that AOM layers can deform and
stretch when pulled apart and it is only at distances of the order of
several micrometers that they come apart. The softness and deform-
ability of the biopolymer layers is also illustrated by the approach
curves in Fig. 3b and c, showing a gradual increase in force (needed for
compression of the AOM layer) over approach distances of several
micrometers (1-4 pm).

Based on the average maximum retract force (Fig. 4), AOM adhere
on the polyamide membrane almost 5 times more strongly than on the
PES membrane. However, the energies needed to detach the AOM-
coated probe from the two membranes were comparable. In contrast, at
least ~ 3 times higher force and ~ 20 times more retraction energy was
required to separate the AOM-coated probe from the AOM-fouled
membrane than from the clean membranes. The strong adhesive
strength of AOM on membrane surfaces can be largely attributed to
hydrogen bonding, but hydrophobic interactions and chemical affinity
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may have contributed as well. The attachment of AOM on AOM-con-
ditioned membrane may have been influenced by both hydrogen
bonding and polymer entanglement [2]. As illustrated by the AFM re-
sults, AOM gels can be very flexible and elastic, so the disentangling
process may have occurred in a stepwise fashion. Hence, it requires
more energy to pull AOM off from an AOM sub-layer than from a clean
surface. Since hydrogen bonding is a result of electron transfer between
electronegative moieties and hydrogen atoms on AOM and membrane
surfaces, the adhesion force can be influenced by the membrane surface
roughness. The reported surface roughness of PA membrane is higher
than PES membrane [57,61]. This might explain the higher adhesion
force of AOM on PA membranes than on PES membrane because a
higher surface roughness implies more contact area between the
(flexible) AOM gel layer and the membrane. This is an important ob-
servation considering that for the majority of RO membranes currently
applied in the field, PA is the main active layer.

Considering that the adhesion force between surfaces covered with
AOM are considerably higher than between an AOM covered surface
and a clean one, the accumulation rate or sticking efficiency of AOM
from the feed water may eventually increase as the membrane surface is
gradually covered with AOM. Moreover, marine bacterioplanktons
which are typically coated with EPS, may have similar surface char-
acteristics as an AOM specifically the biopolymer fraction [62]. The
interaction between the AOM-coated microsphere and the AOM-coated
membrane may also represent a bacterium being put into contact with a
membrane with AOM conditioning. As such, the conditioning AOM
layer on the membrane may not only accelerate further attachment of
bacteria from the feed water but also protects them from being de-
tached.

3.2. Effect of AOM on bacterial growth

The net growth of marine bacteria in water samples containing
different concentrations of AOM was investigated to establish if an in-
crease in AOM concentration can accelerate bacterial growth in sea-
water. Results show that the net growth of bacteria within a 7-day in-
cubation period was directly proportional to the concentration of AOM
in seawater. A significant linear correlation (R? = 0.98) was observed
between net growth and the concentration of AOM added to seawater
during the exponential growth phase (Fig. 5b).

To investigate which organic fraction in the water was degraded and
assimilated by bacteria, LC-OCD analyses were performed for samples
collected on Day 0 and Day 4 from the batch with the highest net
growth (i.e., seawater spiked with 0.8 mg C/L AOM). For comparison,
the samples of the spiked AOM and 0.2 um pre-filtered natural seawater
were also analyzed. As shown in the LC-OCD chromatograms in Fig. 6,
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Fig. 5. (a) Growth curves of a natural bacterial consortium in batch seawater solutions spiked with different concentrations of AOM. (b) Linear regression between AOM concentration
and average net growth at day 4 of the incubation period. Error bars in (a) represent the standard deviation for two separate batch tests.
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Fig. 6. LC-OCD chromatograms for samples collected on Day 0 and Day 4 from a batch
containing seawater spiked with 0.8 mg C/L of AOM. For reference, the chromatogram of
the AOM and 0.2 pm pre-filtered natural seawater (NSW) are presented. The offset in OCD

chromatograms were intentionally made for clarity.

the solution used in the growth test comprise a mixture of organic
substances from AOM solution and natural seawater, with the majority
of biopolymers originating from AOM solution while more than half of
the low molecular organics were from natural seawater. No apparent
change was observed in the chromatogram signature between Day 0
and Day 4 of the incubation period based on the retention times of
organic fraction peaks. However, there was a distinguishable change in
the relative signal response of the peaks, an indication that degradation
and/or conversion of some organic constituents in the water occurred
due to bacterial activity. Specifically, a decrease in OCD signal was
observed for the low molecular weight (LMW) peaks (building blocks,
humics, organic acids and neutrals) while an increase in response was
observed for the biopolymer peaks. An area integration of the chro-
matogram peaks per Huber et al. [43] shows that the total concentra-
tion of the LMW fractions were decreased by 88 ug C/L, which may
account for the organic nutrients assimilated by bacteria. On the other
hand, the increase (5 pg C/L) in biopolymer concentration may be at-
tributed to the release of extracellular polymeric substances from bac-
teria.

The water organic carbon concentration decline after four days of
incubation may represent the biodegradable fraction of organic matter
which is often measured as biodegradable organic carbon (BDOC) or
assimilable organic carbon (AOC). For comparison, the value found in
the experiment is within the range of seawater AOC concentrations
(30-360 ug Ac-C/L) reported by Weinrich et al. [49] but lower than the
range of seawater BDOC concentrations (190-290 pg/L) reported by De
Vittor et al. [63].

The possible role of AOM in membrane biofouling can be attributed
to its ability to support growth of bacteria either as a platform or as a
carbon food source. In this context, platform refers to the ability of
AOM to absorb and concentrate nutrients from the feed water, so that
the attached bacteria can utilize them efficiently and growth is ac-
celerated. The bacterial growth test results illustrate that AOM can in-

deed increase the capacity of the water to support bacterial growth.
However, based on the change of LC-OCD chromatogram at the start
and end of the growth tests, the biopolymer fraction was virtually intact
while the low molecular weight components were reduced. These may
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suggest that the biopolymer fraction mainly functioned as a growth

platform while part of the low molecular fraction may have served as a

nutrient source for the bacteria, at least on the short term considering

that the chromatogram comparison was done with only 4 days in be-

tween.

Elevated bacterial activity during algal blooms is well documented,

especially at the senescent phase of the bloom in which most AOM are

released from the cells [64,65]. In natural aquatic systems, AOM

component like TEPs can be degraded by bacteria in a matter of hours
to several months [28]. However, as illustrated in the experiments, high
molecular weight AOMs (i.e., biopolymers) may not be readily biode-
gradable. However, it may eventually be degraded by bacteria when the
readily biodegradable dissolved organic nutrients in the water have
been depleted. On the other hand, essential nutrients can be limited
(e.g., phosphate) during the peak of an algal bloom due to uptake by
algae. However, when the bloom reaches a decline phase, a significant
amount of dead algal cells will disintegrate and release some of these
nutrients. Hence, AOM associated biofouling in RO plants may not
necessarily occur during the algal bloom period but could be observed
well after the termination of the bloom. Further investigations are ne-

cessary to verify such scenario.
3.3. Effect of AOM suspended in the feed water

The role of AOM and essential nutrients (i.e., C:N:P) in the feed
water on biological fouling in a cross-flow membrane system was in-
vestigated through experiments with capillary UF membranes. Parallel
biofouling experiments were performed to compare cake resistance
development and pressure drop increase in the system when fed with
solutions comprising different combinations of nutrients and AOM
(0.5 mg C/L) as described in Table 1 (Tests S1-S4).

As shown in Fig. 7, the increase in cake resistance and feed channel
pressure drop were not substantially different for the four experiments
during the first 8 days of the tests. After Day 8, an exponential increase
of both cake resistance (up to 350%) and pressure drop (up to 500%)
was recorded for the membrane module fed with water containing both
AOM and CNP nutrients. A substantial increase (up to 100%) in cake
resistance was also observed for the membrane fed with CNP nutrients
only, but no significant change in pressure drop was recorded. For
membranes fed with AOM only and membranes fed with AOM + NP

nutrients, no significant increase in cake resistance and pressure drop
was observed.

Overall, the experiments illustrate that AOM suspended in nutrient-
rich seawater can substantially accelerate biofouling on the membrane.
AOM as such appear not to directly cause severe biofouling on the
membranes when at least one of the essential nutrients is limited in the
feed water. This may indicate that despite its high organic carbon
content, AOM is not may not be an adequate substitute for readily
biodegradable organic carbon nutrient in the feed water. Such finding
corroborates with the growth test results in which AOM showed to
support bacterial growth without showing significant degradation of its

components (Section 3.2).
3.4. Effect of AOM deposited on the membrane

The two sets of biofouling experiments described in this section
were performed to test the hypothesis that AOM can form a con-
ditioning film on the membrane, facilitate attachment of bacteria and
accelerate biofilm development [18,27]. The experiments were per-
formed using capillary and spiral wound membranes, respectively.

3.4.1. Biofouling in capillary membrane
Cross-flow experiments using clean and AOM conditioned capillary

membranes were performed in two phases as described in Table 1
(Tests C5-C6). For the first phase (AOM conditioning), Membrane 1
was operated with feed water consisting ASW spiked with 0.8 mgC/L of
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Fig. 7. Change in cake resistance and feed channel pressure drop
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AOM, until an increase in hydraulic resistance was observed. In the
second phase (biofouling), the feed water was replaced with ASW so-
lution containing CNP nutrients and marine bacteria (~ 1 million cells/
ml of V. harveyi). For comparison, a clean membrane (Membrane 2) was
operated in parallel with the same feed water (ASW + CNP) and flow
settings as Membrane 1.

The AOM conditioning (5 days) on Membrane 1 resulted in ap-
parent increase in total hydraulic resistance and feed channel pressure
drop. After the nutrients and marine bacteria were added, an ex-
ponential increase in cake resistance immediately followed for both
clean and AOM-conditioned membranes (Fig. 8). During the biofouling
phase, the cake resistance and feed channel pressure drop in the module
with AOM-conditioned membranes increased by 5.45 x 10'*m™~! and
80 mbar, respectively. In comparison, the cake resistance and feed
channel pressure drop in the module with initially clean membrane
(Membrane 2) only increased by 1.99 x 10"*m™*! and 12 mbar, re-
spectively. Overall, the results illustrate that the initial pre-conditioning
with AOM in capillary membranes can led to accelerated biofouling
development.

An autopsy of the fouled capillary membrane modules was per-
formed after the biofouling experiments to measure accumulation of
biofilm in terms of TOC, TEP and V. harveyi concentrations. All three
parameters indicate that biofouling was more severe in the AOM pre-
fouled membrane (Fig. 8). The concentration of V. harveyi bacteria
(~6.5 x 10° cfu/cm?) was within the range of bacterial concentrations
reported in biofouled RO membrane modules [66]. These model bac-
teria are relatively large (up to 10 ym in length) compared to most
marine bacteria and has been reported to produce substantial amounts
of TEP-like EPS [67]. Such characteristics may have enabled them to be
more effective in forming biofilm on the surface of the membrane.

3.4.2. Biofouling in spiral wound membrane
The effect of AOM on biofouling in spiral wound membranes was
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determined from the changes of feed channel pressure drop and visual
observation in MFS flow cells. The experiments were performed in three
phases (AOM conditioning, bacterial attachment and biofouling) using
4 MFS cells operated under the conditions described in Table 1 (Tests
S7-S10). For the AOM conditioning phase, ASW spiked with 1 mg C/L
of AOM was fed and recirculated to 2 MFS cells with clean RO mem-
branes until a significant increase (> 20%) in pressure drop was ob-
served. For the bacterial attachment phase, the feed solution with AOM
was discarded and a newly-prepared ASW solution spiked with V.
harveyi was fed and recirculated through each of MFS cells for about
24 h. For the biofouling phase, the feed water of MFS 1 and MFS 2 were
replenished with ASW solution spiked with fresh CNP nutrients. For
comparison, MFS 3 and MFS 4 with clean membranes were simulta-
neously operated under the same settings as in MFS 1 and 2 but skip-
ping the AOM conditioning phase.

As shown in Fig. 9, AOM conditioning in MFS 1 and 2 resulted in
22-24% increase in pressure drop after three days. Based on visual
inspection, there was no discernible accumulation of AOM or biofilm
during the AOM pre-fouling phase despite the significant increase in
pressure drop, possibly because of the transparent nature of AOM [41].
The pressure drop further increased by 9-14% within 24 h after in-
troducing V. harveyi bacteria in the feed water, while no apparent in-
crease was observed for MFS 3 and 4. This may indicate that the marine
bacteria deposit more effectively on the AOM-conditioned membrane
than on the clean membrane. This is consistent with the results of the
AFM adhesion test which suggests that EPS coated bacteria will accu-
mulate faster and adhere strongly on membrane surface already cov-
ered with AOM.

During the biofouling phase, in which nutrients were spiked in the
feed water, biofouling was observed for all 4 MFS cells but the AOM-
preconditioned membranes (MFS 1 and 2) showed much higher rates of
fouling. The pressure drop in MFS 1 and MFS 2 increased by about
600% and 250% within 6 days after nutrients were added in the feed
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(MFS 3 and 4) only increased by about 55-110% for the same period
and about 250% after an extended 14-day period.

At the end of the biofouling tests, an accumulation of biofilm on the
membrane and spacer pre-conditioned with AOM was clearly observed,
while much less accumulation was visible on the membranes that were
not pre-conditioned. The biofilms observed were in a form of streamers
and blobs, obstructing up to about 40% of the feed channel. These were
concentrated on the intersections of the spacer mesh distributed along
the length of the MFS cell. Such observations are consistent with the
experimental and modelling results of [68,69]). TOC and TEP analyses
of biofilms extracted from 4 MFS cells at the end of biofouling experi-
ments also signifies higher biofilm accumulation on MFS with AOM pre-
conditioned membranes than those with initially clean membranes
(Fig. 10).

Overall, both tests with capillary and spiral wound membranes il-
lustrate that AOM, whether suspended in the feedwater or attached to
the surface of the membrane, can facilitate the various processes
leading to the onset of biofouling.

4. Conclusions

The results of the study provided quantitative and visual evidence
that algal organic matter (AOM) can accelerate the onset of various
processes leading to biofouling of spiral wound and capillary mem-
branes, namely by (1) forming a conditioning layer on the membrane,
(2) facilitating enhanced bacterial attachment and (3) providing a
platform for bacteria to jump-start biofilm development. The specific
findings are as follows:

e AFM force measurements reveal that AOM has the propensity to
adhere to a membrane surface and will require significant force to
be removed from the membrane. An order of magnitude higher
energy will be required if the AOM is deposited on a membrane that
is already covered with AOM.

o The capacity of seawater to support growth of bacteria showed a
positive linear correlation with AOM concentration in the water.
This was attributed to the tendency of AOM, specifically TEPs, to
absorb and concentrate nutrients from the feed water providing
nourishment for bacteria attached to it.

® Accelerated biofouling experiments performed with spiral wound
and capillary membranes illustrate that when biodegradable nu-
trients are not limited in the feed water, a high concentration of
AOM - either in the feed water or attached to the membrane — can
substantially accelerates biofouling. A substantially lower biofouling
rate was observed when the membranes were exposed to feed water
spike with only AOM or only nutrients.
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