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a b s t r a c t

A critical problem in seawater reverse osmosis (RO) filtration processes is biofilm accumulation, which
reduces system performance and increases energy requirements. As a result, membrane systems need to
be periodically cleaned by combining chemical and physical protocols. Nutrient limitation in the feed
water is a strategy to control biofilm formation, lengthening stable membrane system performance.
However, the cleanability of biofilms developed under various feed water nutrient conditions is not well
understood.

This study analyzes the removal efficiency of biofilms grown in membrane fouling simulators (MFSs)
supplied with water varying in phosphorus concentrations (3 and 6 mg P$L-1 and with constant biode-
gradable carbon concentration) by applying hydraulic cleaning after a defined 140% increase in the feed
channel pressure drop, through increasing the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for 1 h.
The two phosphorus concentrations (3 and 6 mg P$L-1) simulate the RO feed water without and with the
addition of a phosphorus-based antiscalant, respectively, and were chosen based on measurements at a
full-scale seawater RO desalination plant. Biomass quantification parameters performed after membrane
autopsies such as total cell count, adenosine triphosphate, total organic carbon, and extracellular poly-
meric substances were used along with feed channel pressure drop measurements to evaluate biofilm
removal efficiency. The outlet water during hydraulic cleaning (1 h) was collected and characterized as
well. Optical coherence tomography images were taken before and after hydraulic cleaning for visuali-
zation of biofilm morphology.

Biofilms grown at 3 mg P$L-1 had an enhanced hydraulic cleanability compared to biofilms grown at
6 mg P$L-1. The higher detachment for biofilms grown at a lower phosphorus concentrationwas explained
by more soluble polymers in the EPS, resulting in a lower biofilm cohesive and adhesive strength. This
study confirms that manipulating the feed water nutrient composition can engineer a biofilm that is
easier to remove, shifting research focus towards biofilm engineering and more sustainable cleaning
strategies.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seawater reverse osmosis (SWRO) membrane systems have
emerged in recent decades to overcome the global increase in
freshwater demand. A fundamental issue in SWRO filtration pro-
cesses is the fouling of the membrane. Membrane fouling raises the
system’s hydraulic resistance and increases energy requirements
(Ansari et al., 2020). One of the most challenging types of fouling is
arhat).
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biofouling, the excessive growth of a biofilm. A biofilm develops
through the attachment and growth of bacterial cells embedded in
a produced matrix of extracellular polymeric substances (EPS)
(Flemming, 2020). Biofouling negatively impacts the system per-
formance, increasing the feed channel pressure drop, decreasing
the flux and salt rejection, and increasing the overall water cost
(Siebdrath et al., 2019).

One proposed strategy for biofouling control is limiting biode-
gradable organic nutrients in the feed water to reduce bacteria’s
potential to grow (Kein€anen et al., 2002; Lehtola et al, 1999, 2001,
2002; Miettinen et al., 1997). In full-scale plants, pretreatment
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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processes reduce nutrient concentration and bacterial cell con-
centration. Feed water pretreatment is done by various processes
arranged in different configurations, such as dissolved air flotation,
inline coagulation, biologically activated carbon filtration, slow
sand filtration, dual media filtration, and ultrafiltration (Abushaban
et al., 2019; Farhat et al., 2018). Almost all conventional pretreat-
ment systems used in RO plants utilize low micron range cartridge
filter (CF) units as a final protection barrier before the high-
pressure pumps of the RO membranes (Farhat et al., 2020). The
types of treatment steps applied and sequence of pretreatment
processes can vary between plants (there is no standard pretreat-
ment process).

Research has focused on restricting other nutrients, such as
phosphorus concentration in the feed water (Javier et al., 2020; Kim
et al., 2014; Pinel et al., 2020; Sevcenco et al., 2015; Vrouwenvelder
et al., 2010). Although phosphorous limitation has been shown to
be effective in delaying biofilm formation and prolonging the sys-
tem performance, the unintentional addition of phosphorous to the
feed water through the dosage of phosphorus-based antiscalants is
still performed. Antiscalants are often dosed to the RO feed water to
avoid the scaling accumulation on the membrane. It has been
previously reported that some antiscalants increase the organic
content, and therefore, increase bacterial growth potential
(Vrouwenvelder et al., 2000).

Membrane modules are cleaned to remove accumulated fouling
and restore system performance, usually when the overall differ-
ential pressure drop increases by more than 15% (Singh, 2015).
Membrane cleaning is generally done using chemical and physical
protocols (Chen et al., 2003). Recent studies focused on advanced
physical cleaningmethods to reduce the environmental impact and
associated cost of chemical cleaning. Several hydraulic cleaning
methods are reported in the literature, such as (i) reverse flushing
by changing the direction of the flow from the concentrate to the
feed side, (ii) reverse module operation where the elements are
turned around and the brine seal moved to the other end (Andes
et al., 2013), (iii) forward flushing by increasing the cross-flow ve-
locity, (iv) soaking of membranes (McDonald et al., 2004), and (v)
gas/liquid two-phase flow cleaning (Wibisono et al., 2014). A pre-
vious study showed that among different hydraulic cleaning
methods, the reverse operation of modules achieved a higher (15%)
feed channel pressure drop recovery (Andes et al., 2013).

Hydrodynamic conditions affect biofilm structure, growth, and
detachment (Dreszer et al., 2014; Radu et al., 2012). Previous
studies have reported that nutrient load in the feed water affects
biofilm morphology and biofilm hydraulic resistance (Desmond
et al. 2018c; Farhat et al., 2019). Biofilm morphology plays a vital
role in determining the biofilm’s mechanical response to hydraulic
shear stress (Desmond et al., 2018b). Biofilm streamers are visco-
elastic filamentous structures formed by bacteria embedded in
strands of EPS (Valiei et al., 2012). Biofilm streamers have caused
catastrophic disruption of flow independent of bacterial cell growth
(Das and Kumar, 2014; Drescher et al., 2013; Graf von der
Schulenburg et al., 2008). Drescher et al. (2013) demonstrated
that biofilms attached to the surfaces had little effect on flow,
whereas biofilm streamers caused a higher flow disruption.
Moreover, a recent study showed biofilm grown under restricted
phosphorus conditions, detached by sloughing and peeling off
when instantaneously increasing hydraulic shear force (Desmond
et al., 2018c). The biofilm detachment was explained by a weaker
cohesive strength of the phosphorus-limited biofilm than the non-
limited biofilm.

Previously, we demonstrated that biofouling control by phos-
phorus limitation depends on the assimilable organic carbon con-
centration (Javier et al., 2020). However, the removal of biofilms
developed under various feed water nutrient conditions is not well
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understood. This study analyzes the removal efficiency of biofilms
grown at two phosphorus concentrations (3 and 6 mg P$L-1) by
applying hydraulic cleaning after a 140% increase in the feed
channel pressure drop through increasing the cross-flow velocity
from 0.18 m s-1 to 0.35 m s-1 for 1 h. The same carbon concentration
was used for all the experiments to analyze the impact of phos-
phorus conditions only on biofilm cleanability. The two phosphorus
concentrations (3 and 6 mg P$L-1) were chosen based on measure-
ments taken at a seawater RO desalination plant (Figure S1 in
supplementarymaterial) simulating the RO feed water without and
with the addition of a phosphorus-based antiscalant, respectively.
Biomass quantification parameters performed after membrane
autopsies such as total cell count, adenosine triphosphate, total
organic carbon, and extracellular polymeric substances were used
along with feed channel pressure drop measurements to evaluate
biofilm removal efficiency. The outlet water during hydraulic
cleaning (1 h) was collected and characterized as well. The biofilm
structure was visualized with Optical Coherence Tomography. To
the authors’ knowledge, this is the first study that defines a hy-
draulic cleaning method to evaluate biomass detachment of bio-
films grown at different feed water phosphorus conditions, and
therefore, propose a more sustainable approach to improve mem-
brane system performance.

2. Materials and methods

2.1. Experimental setup

The feed water used for this study was tap water, produced by
reverse osmosis (RO) desalination, supplemented with nutrients
(Table 1), to assure an extremely low phosphorus content as a
baseline (�0.3 mg P$L-1). The tap water is produced through RO
desalination at the King Abdullah University of Science and Tech-
nology desalination plant (Thuwal, Jeddah, Saudi Arabia) and
distributed to the network with residual chlorine (Belila et al.,
2016). The chlorine in the feed water was removed by an acti-
vated carbon filter (filter housing model: UPS BB3 [AWF-UPS-
3He20B], cartridge model: sediment-carbon [AC-SC-10-NL]) to
protect the membranes. Water was passed through two cartridge
filters (pore size 4 mm) to remove particles entering the feed water
from the carbon filter.

The experiments were conducted in a lab-scale setup with hy-
draulics, water characteristics and materials representative of
SWRO membrane systems (Farhat et al., 2019). The setup consisted
of a feed water pump, a feed flow controller, a pump for dosing the
nutrients, a flow cell called a Membrane Fouling Simulator (MFS:
Vrouwenvelder et al., 2007), a back-pressure valve (Bronkhorst,
Ruurlo, Netherlands) and a differential pressure sensor (Delta bar,
PMD75, Endress þ Hauser, Switzerland) to monitor the pressure
drop over the feed channel. TheMFS had inlet and outlet orifices for
pressure drop measurements. A reverse osmosis (RO) polyamide
membrane sheet with the dimensions of 20 cm � 3.5 cm and a 34
mil (864 mm) thick feed channel spacer, taken from a new
commercially available spiral wound membrane element (TW30-
4040, DOW FILMTEC, USA) were placed inside the MFS. The feed
flow channel height is 0.864mm, equal to the feed spacer thickness.

2.2. Fouling monitoring by feed channel pressure drop

Earlier work has shown that reverse osmosis biofouling is a feed
channel problem (Vrouwenvelder et al., 2009). Pressure drop
measurements were recorded as an indicator of system perfor-
mance of RO biofouling, as feed channel pressure drop was shown
to be the first and strongest impacted performance indicator
(Siebdrath et al., 2019). Eight fully independent membrane fouling



Table 1
Experimental conditions for the study.

Dosed carbon concentration (mg C$L-1) as
glucose

Dosed nitrogen concentration (mg N$L-1) as sodium
nitrate

Dosed phosphorus concentration (mg P$L-1) as sodium
phosphate

Cleaning
procedure

125 25 3 Control
3 Control
3 Hydraulic

cleaning
3 Hydraulic

cleaning
6 Control
6 Control
6 Hydraulic

cleaning
6 Hydraulic

cleaning
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simulators were run simultaneously (Table 1), and the figures show
the average and standard deviation of duplicate experiments for
each scenario. The average initial pressure drop registered in each
MFSwas 35 ± 5mbar. For each phosphorus concentration (3 mg P$L-
1 and 6 mg P$L-1), two MFSs were used as a control, where hydraulic
cleaning was not performed. These MFSs were immediately
stopped and sampled for biofilm analysis once a feed channel
pressure drop increase of 140% (53 mbar) was reached. The pres-
sure drop increase chosen for the MFS simulates the biofouling
condition that could be present at the inlet of the lead RO element.
This pressure drop increase (140%) over the 0.20 m long MFS can
explain a pressure drop increase of 15% over the first stage pressure
vessel containing several 1 m long membrane elements is series, as
previously reported by Vrouwenvelder et al. (2009, 2008, 2006).
Hydraulic cleaning was performed for the remaining two MFSs for
each phosphorus condition; once the same pressure drop increase
of 53 mbar was achieved. Hydraulic cleaning was performed by
increasing the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for
1 h, still in the range of what is commonly applied in practice for
hydraulic cleaning procedures. After hydraulic cleaning, the MFSs
were stopped for biomass characterization.
2.3. Operating conditions

2.3.1. Operating conditions during biofilm development
The feed water was pumped through the MFS at a flow rate of

17 L h-1, which is equivalent to a linear flow velocity of 0.175 m s-1,
representing practical conditions at membrane filtration in-
stallations (Bucs et al., 2016). Eight fully independent MFSs
(Table 1) were run in parallel in a cross-flow mode at a constant
pressure of 2 bar without permeate production. Previous studies
showed the same pressure drop increase and biofilm formation in a
nanofiltration (NF) installation with and without permeation
(Vrouwenvelder et al, 2007a, 2007b). A nutrient stock solution was
added to the feed water, containing glucose, sodium nitrate, and
sodium phosphate, to enhance biofilm growth in the flow cell. The
nutrient stock solution increased the assimilable organic carbon
concentration of the feed water by 125 mg C$L-1. The same carbon
concentration was used for all the membrane fouling simulators to
only analyze the impact of different phosphorus conditions on
biofilm removal. The chosen carbon type (glucose) and concen-
tration (125 mg C$L-1) was based on a previous study by Abushaban
et al. (2019), where they reported a bacterial growth potential
(BGP) of 128 mg C∙L-1 as glucose for the RO feedwater of a desali-
nation plant performing one cleaning in place (CIP) per year. Pre-
vious studies showed that a reasonable carbon to nitrogen ratio
(C:N) to promote bacterial growth is 100:20, which was the ratio
used for this study (Farhat et al., 2019; Sanawar et al., 2018). The
3

phosphorus concentration in seawater ranges from 3 to 11 mg P$L-1,
and after water pretreatment with processes such as coagulation, it
may be restricted to values below 1 mg P$L-1 (Jacobson et al., 2009;
Vrouwenvelder et al., 2010). Figure S1 in supplementary material
shows the phosphorous concentrations measurements taken at
different stages of the seawater reverse osmosis (SWRO) plant at
King Abdullah University of Science and Technology. The phos-
phorus concentrations for this study, 3 mg P$L-1 and 6 mg P$L-1, were
selected based on phosphorus measurements which are typically
present in seawater (S1) and the RO feed water after the addition of
phosphorus-based antiscalants (S3). Chemicals from Sigma Aldrich
(Darmstadt, Germany) were purchased in analytical grade. The
nutrient stock solution’s pH-value was set at 11 by the addition of
sodium hydroxide to restrict bacterial growth. The feed water flow
rate was high (17.0 L h-1) compared to the dosing flow rate of the
nutrient solution (0.03 L h-1). Consequently, the high pH-value of
the nutrient solution did not affect the feedwater pH of 7.8 (Dreszer
et al., 2014). Before nutrient dosage, on day 0, the outlet water from
the cross-flow was collected for 1 h to measure adenosine
triphosphate, total organic carbon, and total cell count, to use this
data as a baseline.

2.3.2. Operating conditions during hydraulic cleaning
Two MFSs for each nutrient condition were hydraulically

cleaned once the MFS reached a pressure drop increase of 140%
(53 mbar). Cleaning was performed without permeate production;
the impact of concentration polarization during cleaning is negli-
gible. In practice, cleaning is done at a much lower feed pressure
compared to operation. The cross-flow velocity was increased from
0.18 m s-1 to 0.35 m s-1 for 1 h and then returned to the original
cross-flow conditions (0.18 m s-1) for an additional hour. Once the
MFS reached a pressure drop increase of 53 mbar, the outlet water
from the cross-flow was collected for 1 h before, during, and after
the hydraulic cleaning for characterization purposes (measure-
ments of adenosine triphosphate, total organic carbon, and total
cell count). These parameters were used to analyze and quantify
the flushed biomass and compared it to what remained on the
membrane and feed spacer.

2.4. Biomass quantification and characterization

2.4.1. Total bacterial cell count
At the end of the experiments, the MFSs were stopped and

disassembled for biomass characterization. Total bacterial cell
counts (TCC) in the biofilm were performed by flow cytometry,
following the protocol reported by Neu et al. (2019). Coupons of
4� 2 cm2 of the biofouled membrane and spacer were cut from the
MFS’s inlet and outlet positions. The coupons were then placed in a
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capped tube with 40 mL ultrapure water. The samples were vor-
texed and sonicated for 2 min to detach biomass from the mem-
brane and spacer. A sample of 700 mL was taken from the tube and
stained with 7 mL mL�1 SYBR Green I (100 � ) diluted from a
10,000 � stock solution (Molecular Probes, Eugene, OR, USA). Next,
the samples were incubated in the dark at 35 �C for 10 min. A BD
Accuri C6 flow cytometer (BD Accuri Cytometers, Belgium) equip-
ped with a 50 mW laser with a fixed emission wavelength of
488 nm was used for TCC measurements. Fluorescence intensity
was collected at FL1 ¼ 533 ± 30 nm, FL3 > 670 nm, with sideward
and forward scattered light intensities also obtained. All data were
processed with the BD Accuri CFlow® software. Electronic gating
was used to select SYBR green-labeled signals to quantify the total
bacterial cell count following the procedure described by Hammes
and Egli (2005).

2.4.2. Adenosine triphosphate and total organic carbon
Membrane and feed spacer coupons of 4� 4 cm2 were retrieved

from the MFS inlet and outlet positions to analyze accumulated
adenosine triphosphate (ATP) and total organic carbon (TOC). The
coupons were placed in a capped tube containing 40 mL of sterile
tap water for ATP analysis or ultrapurewater for TOC quantification.
Next, the tubes were vortexed (for a few seconds) and placed in an
ultrasonic water bath (Branson, 5510MTH, output 135W, 40 kHz) to
detach the biomass from membranes and spacers. The sonication
procedure (2 min) was repeated until the liquid was homogenous.
The water collected from the tubes was used as a sample to
determine ATP and TOC concentrations in the biofilms. Samples
were measured in duplicate. For ATP measurements, a lumin-
ometer (Celsis Advance, Charles River Laboratories, Inc., USA) was
used. TOC measurements were performed with a Total Organic
Carbon analyzer TOC-VCPH (Shimadzu, Japan) equipped with a
high-sensitivity catalyst (High sense TC catalyst; Shimadzu, Japan).
A stock solution of potassium hydrogen phthalate (TOC-standard
solution ICC-033-5, ULTRA scientific, USA) was diluted with ultra-
purewater to obtain solutions with carbon concentrations between
0 and 10mg L-1 C, to prepare a calibration curve. The detection limit
of the method was about 0.1 mg L-1 C.

2.4.3. Extraction and characterization of extracellular polymeric
substances (EPS)

EPS was extracted from the biofouled membrane and spacer by
cutting a 4 � 4 cm2 coupon from the MFS and placing it into tubes
containing 10 mL of phosphate-buffered saline solution (PBS). The
tubes were vortexed for 2 min and sonicated for 5 min to separate
the biomass from the membranes and feed spacers. The EPS was
extracted following the formaldehydeeNaOHmethod established by
Liu and Fang (2002). In brief, the water collected from the tubes was
used as a sample for EPS extraction. A solution of 0.06 mL formal-
dehyde (36.5%; Sigma-Aldrich, MO, USA) was added to the samples
and incubated at 4 �C for 1 h. Next, 4 mL 1 N NaOHwas added to the
samples and incubated at 4 �C for 3 h, followed by centrifugation for
20 min at 20000�g. The supernatant was filtered through a 0.2 mm
pore-sized membrane and dialyzed using a 3500 Da dialysis mem-
brane (Thermo Fisher Scientific, USA) for 24 h. Samples were then
lyophilized for 48 h and resuspended in 10 mL of ultrapure water.
These samples were used to determine the fluorescence excitation-
emission matrix (FEEM). The FEEM was measured using a
Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) under
excitation of 240e450 nmand emission of 290e600 nmat a speed of
1500 nm min-1, a voltage of 700 V, and a response time of 2 s. FEEM
peaks were identified, according to Baghoth et al. (2011). The FEEM
plots presented in this study show four main regions: I (humic-like;
excitation>280 nm, emission>380 nm), II (protein-like;
excitation ¼ 250e280 nm, emission< 380 nm), III (fulvic acid-like;
4

excitation ¼ 220e250 nm, emission> 380 nm), and IV (tyrosine-
like; excitation ¼ 220e250 nm, emission ¼ 330e380 nm).

2.5. Optical coherence tomography (OCT)

In-situ imaging of the biofilm in the MFS was visualized using a
spectral-domain Optical Coherence Tomography (Thorlabs Gany-
mede OCT System). The OCT is equipped with a central light source
wavelength of 930 nm. The OCT is fitted with a 5 � telecentric scan
lens (Thorlabs LSM03BB), providing a maximum scan area of
100 mm2. OCT uses coherent light to capture the intensity signal of
the scattered media in two dimensions (XZ). Two-dimensional
images are combined to form three-dimensional (3D) representa-
tions (XYZ) in seconds. Six three-dimensional images were taken at
the inlet, middle, and outlet positions of each MFS for visualization
purposes. Each 3D image consisted of 278 two-dimensional images.
Images were taken at a high-resolution frequency of 36 kHz, with a
refractive index of 1.33. The images had a length of 5.00 mm and a
depth of 1.00 mm with a pixel size in the x-direction of 18.00 mm
and a z-direction of 2.13 mm. The images showed in this study were
representative from all the images analyzed.

3. Results

3.1. Membrane performance parameter: feed channel pressure drop

This study assessed the hydraulic cleanability of biofilms
developed under two phosphorus concentrations (3 mg P$L-1 and
6 mg P$L-1) by increasing the cross-flow velocity from 0.18 to
0.35 m s-1 for 1 h. We used 140% feed channel pressure drop in-
crease (þ53 mbar from the initial value) as a parameter for either
stopping the control membrane fouling simulators or for per-
forming the hydraulic cleaning (Figure S2). Biofilms grown under
the 3 mg P$L-1 phosphorus condition took 15 days longer to reach
the defined pressure drop (Fig. 1A). Pressure drop recovery after
hydraulic cleaning of only 3% was measured for biofilms grown
under 6 mg P$L-1 compared to 60% recovery for biofilms grown
under 3 mg P$L-1 (Fig. 1B). A better recovery in pressure drop was
achieved for biofilms grown under a lower phosphorus
concentration.

3.2. Biomass characterization

3.2.1. Characterization of the cross-flow outlet water
On day 0 and on the last day of the experiment, we character-

ized the cross-flow outlet water to quantify total cell count, aden-
osine triphosphate and total organic carbon before, during and
after hydraulic cleaning. The total cell count (TCC) in the cross-flow
outlet water was 0.24 � 105 cells$mL-1 on day 0. An increase in the
bacterial cell count in the cross-flow outlet water for both the
3 mg P$L-1 and 6 mg P$L-1 was observed when a feed channel
pressure drop increase of 53mbarwas reached. The collected cross-
flow outlet water before hydraulic cleaning had a total cell count of
0.84� 105 cells$mL-1 for the 3 mg P$L-1, and 0.95� 105 cells$mL-1 for
the 6 mg P$L-1 condition. During the hydraulic cleaning, TCC
increased to 9.78 and 1.89 � 105 cells$mL-1, respectively (Fig. 2A).
The increase in the total cell count in the cross-flow outlet water
during hydraulic cleaning was higher for the 3 mg P$L-1 condition,
suggesting a better biofilm removal.

Adenosine triphosphate (ATP) in the cross-flow outlet water
was 1.25 pg mL-1 on day 0. During hydraulic cleaning, a higher ATP
concentration was released in the cross-flow outlet water for bio-
films grown at 3 mg P$L-1 phosphorus compared to 6 mg P$L-1. For
the biofilms grown at 3 mg P$L-1, the ATP concentration was
59.22 pg mL-1 before hydraulic cleaning and 871.41 pg mL-1 during



Fig. 1. Feed channel pressure drop plots before and after hydraulic cleaning. (A) Feed channel pressure drop in time over the membrane fouling simulator (MFS) before hydraulic
cleaning (n ¼ 4), and (B) feed channel pressure drop before hydraulic cleaning (cross-flow velocity of 0.18 m s-1) and after hydraulic cleaning increasing the cross-flow velocity to
0.35 m s-1 for 1 h, for the biofilms grown at 3 mg P$L-1 and 6 mg P$L-1 in the feed water with a dosed assimilable organic carbon concentration of 125 mg C$L-1. The average of
independent duplicate experiments is shown. The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once a feed channel pressure drop increase of
53 mbar was reached.

Fig. 2. Cross-flow outlet water characterization before, during, and after hydraulic cleaning. (A) Total cell count (B) adenosine triphosphate, and (C) total organic carbon for the
biofilms grown at 3 mg P$L-1 and 6 mg P$L-1 feed water conditions with a dosed assimilable organic carbon concentration of 125 mg C$L-1, before hydraulic cleaning (cross-flow
velocity of 0.18 m s-1), during (cross-flow velocity of 0.35 m s-1 for 1 h) and after hydraulic cleaning (cross-flow velocity of 0.18 m s-1). The horizontal black line indicates the baseline
at day 0 for each parameter. The average of independent duplicate experiments is shown. The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once a
feed channel pressure drop increase of 53 mbar was reached.
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hydraulic cleaning, compared to biofilms grown at 6 mg P$L-1, where
before and during hydraulic cleaning, the ATP values were 34.85
and 121.74 pg mL-1, respectively (Fig. 2B). The cross-flow outlet
water showed a higher amount of adenosine triphosphate during
hydraulic cleaning for the 3 mg P$L-1 condition, suggesting a better
removal of active bacteria.

The total organic carbon (TOC) in the cross-flow outlet water
was 0.57 mg L-1 on day 0. For biofilms grown at 3 and 6 mg P$L-1, the
TOC before hydraulic cleaning was 0.89 and 1.42 mg L-1 respec-
tively, and during hydraulic cleaning, the TOC increased to 2.16 and
1.46 mg L-1, respectively. The TOC for the 6 mg P$L-1 concentration
did not show a significant increase in the cross-flow outlet water
during hydraulic cleaning (Fig. 2C). The cross-flow outlet water
collected after a pressure drop increase of 140% showed a clearly
higher TCC, ATP and TOC values during hydraulic cleaning for
biofilms grown at 3 mg P$L-1 suggesting better biomass removal.
3.2.2. Biomass characterization on the membrane and spacer
The biomass parameters (total cell count, adenosine triphos-

phate, and total organic carbon) for the biofouled membrane and
spacer lead to the same conclusions as to the cross-flow outlet
water. Fig. 3AeB shows the total cell count and adenosine
triphosphate of the biofouled membranes and spacers before and
after the hydraulic cleaning. The control MFSs, where no hydraulic
5

cleaning was performed, were stopped and autopsied once a feed
channel pressure drop increase of 53 mbar was reached. For the
control MFSs, the biofilms grown at 6 mg P$L-1 showed significantly
higher TCC (8.01 � 107 cells$cm-2) and ATP values
(88.52 � 103 pg cm-2) compared to biofilms grown at 3 mg P$L-1 at
the same biodegradable carbon concentration (2.96� 107 cells$cm-

2 and 24.44 � 103 pg cm-2, respectively). These results demon-
strated that the lower phosphorus concentration restricted bacte-
rial growth in the developed biofilms grown at at 3 mg P$L-1

compared to biofilms grown at 6 mg P$L-1. Fig. 3C shows the TOC for
biofilms developed at both phosphorus concentrations, 6 and
3 mg P$L-1, which did not show a significant difference at the end of
the experiment, 0.071 and 0.067 mg C$cm-2, respectively. The re-
sults revealed that biofilms with lower TCC and ATP values before
performing hydraulic cleaning had the same pressure drop increase
due to the same TOC content.

After 1 h of hydraulic cleaning, two MFSs for each phosphorus
concentration were autopsied for biomass characterization by
increasing the cross-flow velocity from 0.18 to 0.35 m s-1. The total
cell count for the biofilms grown at 3 mg P$L-1 showed a 67%
reduction after hydraulic cleaning; the TCC went from 2.96 to
0.97 � 107 cells$cm-2, compared with biofilms grown at 6 mg P$L-1,
where the TCC value dropped 29% from 8.01 to 5.71 � 107 cells$cm-

2 (Fig. 3A). Similarly, Fig. 3B demonstrates that the ATP showed the



Fig. 3. Biofilm characterization of the biofouled membrane and spacer before and after hydraulic cleaning. (A) Total cell count (B) adenosine triphosphate, and (C) total organic
carbon for the biofilms grown at 3 mg P$L-1 and 6 mg P$L-1 feed water conditions with a dosed assimilable organic carbon concentration of 125 mg C$L-1, before hydraulic cleaning
(cross-flow velocity of 0.18 m s-1) and after hydraulic cleaning increasing the cross-flow velocity to 0.35 m s-1 for 1 h. The average of independent duplicate experiments is shown.
The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached.
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highest reduction (82%) for biofilms developed at 3 mg P$L-1 (from
24.44 to 4.48 � 103 pg cm-2) compared to biofilms grown at
6 mg P$L-1 (from 88.52 to 61.07 � 103 pg cm-2). Fig. 3C shows a 55%
decrease in TOC for biofilms grown at 3 mg P$L-1 (from 0.067 to
0.031 mg cm-2) compared to the 18% TOC decrease for biofilms
developed at a higher phosphorus concentration (from 0.071 to
0.058mg cm-2). In summary, more biofilm biomass, in terms of TCC,
ATP and TOC, was removed after hydraulic cleaning for biofilms
grown at a lower phosphorus concentration.

At the end of the experiment, extracellular polymeric sub-
stances (EPS) were extracted for all the biofouled membranes and
spacers to determine organic composition using the fluorescence
excitation-emission matrix (FEEM) plots (Fig. 4). Four main regions
can be distinguished in the FEEM plot: I (humic-like;
excitation>280 nm, emission>380 nm), II (protein-like;
excitation ¼ 250e280 nm, emission< 380 nm), III (fulvic acid-like;
excitation ¼ 220e250 nm, emission> 380 nm), and IV (tyrosine-
like; excitation ¼ 220e250 nm, emission ¼ 330e380 nm). Fig. 4A
and C shows the FEEM plots for the biofilm developed at both
phosphorus concentrations before hydraulic cleaning. The EPS of
both biofilms, 6 and 3 mg P$L-1, showed similar peaks of humic acid-
like substances (26,290 and 24,147 counts per second/microAm-
pere, respectively) and tyrosine like substances (203,069 and
190,120 counts per second/microAmpere, respectively). Biofilms
grown at 3 mg P$L-1 showed a higher peak in fulvic acid-like sub-
stances (158,756 counts per second/microAmpere) compared to
biofilms grown at 6 mg P$L-1 (104,720 counts per second/micro-
Ampere). A higher fluorescence intensity was shown for biofilms
grown at 6 mg P$L-1 where a higher peak was observed for protein-
like substances (627,976 counts per second/microAmpere)
compared to biofilms grown at 3 mg P$L-1 (293,873 counts per
second/microAmpere). Fig. 4E shows the reduction in fluorescence
intensity after hydraulic cleaning for the biofouled membranes and
spacers for both conditions. After hydraulic cleaning, the peak for
the humic-like substances of the biofilms developed at 6 and
3 mg P$L-1, reduced in 16% and 8%, respectively. A higher reduction
was observed in the fluorescence intensity of protein substances for
biofilms grown at 3 mg P$L-1 (69%) compared to biofilms grown at
6 mg P$L-1 (50%), indicating a better protein removal. The removal of
fulvic like substances showed a similar result, where the reduction
in the peak after hydraulic cleaning was 23% for biofilms grown at
3 mg P$L-1, compared with the reduction of 15% of biofilms grown at
6 mg P$L-1. Tyrosine like substances reduced in a 40% and 48% for
biofilms grown at 6 and 3 mg P$L-1, respectively (Fig. 4B and D). In
summary before hydraulic cleaning, the TOC was about the same
6

for biofilms grown at both phosphorus concentrations (Fig. 3C).
However, Fig. 4 shows that biofilms differing in EPS composition
(varying amounts of humic acids, proteins, fulvic acids and tyro-
sine) had the same pressure drop increase (Fig. 1).
3.3. Biofilm structural properties

The biofilm structure was visualized by optical coherence to-
mography. Three-dimensional images, each composed of 278 two-
dimensional images in the XZ direction, were assessed. The images
were taken at the inlet, middle, and outlet positions of each
membrane fouling simulator on the last day of the experiments
before and after hydraulic cleaning (Fig. 5). Fig. 5E shows an OCT
image of a clean membrane and spacer on day 0. Before hydraulic
cleaning, for the biofilms grown at 6 mg P$L-1 (Fig. 5A), the mem-
branes looked to contain more biofilm, compared to the biofilms
grown at 3 mg P$L-1 (Fig. 5C). OCT images confirmed biomass
characterization results of the biofouled membranes and spacers,
where more biomass was removed after hydraulic cleaning for
biofilms grown at a lower phosphorus concentration (Fig. 5D),
compared to biofilms grown at 6 mg P$L-1 (Fig. 5B).

Fig. 5A and C shows the formation of biofilm streamers in both
MFSs. These filamentous structures were significantly removed by
the hydraulic cleaning for the biofilms grown at 3 mg P$L-1 (Fig. 5D),
compared to biofilms grown at a higher phosphorus concentration
(Fig. 5B). To sum up, for both phosphorus concentrations (3 and
6 mg P$L-1), the biomass quantity and the biofilm streamers caused
a detrimental effect on membrane performance, such as pressure
drop increase.

Fig. 6 shows a summary of different biomass parameters’
reduction after hydraulic cleaning. A slight restoration of 3% in the
feed channel pressure drop for biofilms grown at 6 mg P$L-1 was
accompanied by a reduction of 29% of TCC, 31% of ATP, 18% of TOC,
and 50% of proteins. Recovery of 60% in the feed channel pressure
drop for biofilms grown at 3 mg P$L-1 represented a reduction of 67%
of TCC, 82% of ATP, 55% of TOC, and 69% of proteins. The overall
results indicate that the biofilms are structurally different due to
different nutrient feed water phosphorus concentrations and
therefore detach differently in response to changes in flow pat-
terns. Under these circumstances, better removal of active biomass
(ATP, TCC) and proteins was achieved by biofilms grown at a lower
phosphorus concentration. Therefore, biofilms developed under a
low phosphorus concentration demonstrate an enhanced hydraulic
cleanability.



Fig. 4. Fluorescence excitation-emission matrix (FEEM) plots of organic matter extracted from biofouled membrane samples for the biofilms grown under (A) 6 mg P$L-1 and (C)
3 mg P$L-1 concentration in the feed water. (B) 6 mg P$L-1 (D) 3 mg P$L-1 show the FEEM plots of organic matter extracted from biofouled membrane samples after hydraulic cleaning.
The FEEM plots show the presence of I: Humic-like substances, II: Protein like substances, III: Fulvic acid-like substances, and IV: Tyrosine like substances. (E) Reduction in
fluorescence intensity for the four types of substances after hydraulic cleaning by increasing the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for 1 h. The MFSs were hydraulically
cleaned, stopped, and sampled for biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached.
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4. Discussion

4.1. Biofilms grown at a low phosphorus concentration have an
enhanced hydraulic cleanability

Developing effective and reliable biofilm cleaning strategies
requires understanding how nutrient composition in the feed wa-
ter affects biofilm composition. Previous studies have reported
various mechanisms to influence biofilm’s EPS composition: i) the
material of membranes and spacers (Bucs et al., 2017; Miller et al.,
2012), ii) the water characteristics (Farhat et al., 2019), and opera-
tional conditions of the system (Farhat et al., 2016). Therefore,
different EPS composition influence biofilm structural properties
and, thus, the biofilm detachment when changes in the cross-flow
patterns occur (Desmond et al., 2018a). This study assessed the
efficiency of hydraulic cleaning of biofilms grown under two
phosphorus concentrations (6 mg P$L-1 and 3 mg P$L-1) by increasing
the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for 1 h. The
results showed a higher pressure drop reduction explained by an
7

enhanced detachment of biofilms grown at a lower phosphorus
concentration (Fig. 1B).

We attribute the enhanced detachment of biofilms grown at
3 mg P$L-1 to two main factors: i) the composition of EPS and ii) the
cohesive strength of phosphorus limiting biofilms. The first factor
relates to the composition of the extracellular polymeric sub-
stances, thus changing EPS sorption and adhesiveness. Proteins can
be involved in hydrophobic interactions resulting in an adsorptive
EPS (Lawrence et al., 2007). It has been reported that the adsorptive
EPS gives the biofilm sorption characteristics by binding various
nutrients, metals, and contaminants, which in turn increases bio-
film rigidity (Hobley et al., 2015; Neu and Lawrence, 2010). More-
over, it has been previously shown that phosphate limitation
results in the loss of adhesin LapA, an adhesion protein required for
biofilm formation (Monds et al., 2007). LapA has been correlated
with more permanent associations with surfaces (Petrova and
Sauer, 2012). In this study, biofilms grown at a higher phosphorus
concentration (6 mg P$L-1) showed 53% higher protein production
(Fig. 4), indicating a more rigid and more “sticky” structure,



Fig. 5. Three-dimensional visualization (top view) of a clean and biofouled membranes and spacers imaged with optical coherence tomography (OCT). The images (5 mm length)
show the biofilms grown under feed water conditions of (A and B) 6 mg P$L-1 and (C and D) 3 mg P$L-1 with a dosed assimilable organic carbon concentration of 125 mg C$L-1, before
and after hydraulic cleaning increasing the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for 1 h. E) OCT image of a clean membrane and spacer on day 0 before nutrient dosage.
The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once a feed channel pressure drop increase of 53 mbar was reached. Six three-dimensional images
were taken at the inlet, middle, and outlet positions of each MFS. The arrow indicates the flow direction.

Fig. 6. Membrane performance restoration and biomass removal. The figure shows the
percentage of reduction after hydraulic cleaning increasing the cross-flow velocity
from 0.18 m s-1 to 0.35 m s-1 for 1 h, for the biofilms grown at 3 mg P$L-1 and 6 mg P$L-1

in the feed water with a dosed assimilable organic carbon concentration of 125 mg C$L-
1. The MFSs were hydraulically cleaned, stopped, and sampled for biofilm analysis once
a feed channel pressure drop increase of 53 mbar was reached.
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compared to biofilms grown at 3 mg P$L-1. An additional finding
from this study is the higher amount of fulvic acids (þ52%) present
for biofilms grown at a lower phosphorus concentration (Fig. 4C),
which was reduced after hydraulic cleaning. Humic substances are
heterogenic organic constituents found in soils and water.
Depending on their solubility, humic substances can be divided into
three fractions: humic acids, fulvic acids, and humin (Yee et al.,
2006). Fulvic acids are soluble in natural waters independent of
the pH. On the contrary, humic acids are insoluble in the water
below pH 8 (Davies et al., 1995). Fulvic acids are natural amphiphilic
8

polymers with carboxylic and phenolic-OH groups forming a
micelle-like structure (Singh, 2015). It has been suggested that
amphiphilic polymers aid bacteria in detaching from interfaces
(Neu and Lawrence, 2010). In our study, when the cross-flow was
increased for 1 h, the higher presence of fulvic acids in the biofilm
grown at a lower phosphorus concentration helped solubilize and
detach the biofilm from the membrane and spacer. The combina-
tion of lower protein production and more soluble and amphiphilic
polymers in the EPS causes the enhanced cleanability of biofilms
grown at lower phosphorus concentration.

The second factor relates to the cohesive strength of phosphorus
limiting biofilms. EPS composition determines biofilms’mechanical
properties, such as cohesive strength, a material’s ability to hold
itself together under stress (Flemming, 2016; Rowlinson, 2002).
Desmond et al. (2018b) showed that biofilms grown under
restricted phosphorus conditions sloughed and peeled off from the
membrane when increasing the shear stress from 0 to 2 bar pres-
sure in a gravity-driven membrane system. They explained the
biofilm detachment by performing a biofilm rheological analysis,
where biofilms grown under phosphorus limiting conditions
showed a weaker cohesive strength. We confirmed with the OCT
images that biofilm structures detached better at a lower phos-
phorus concentration when increasing the cross-flow velocity
(Fig. 5). In agreement with our study, the results confirmed that
phosphorus limitation determines the biofilm mechanical proper-
ties, such as cohesive strength and the ability of a material to hold
itself together under stress.
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4.2. Biofilm structural properties play an essential effect on pressure
drop increase

Organic compounds in the feed water and hydrodynamic con-
ditions influence biofilm structural properties (Desmond et al.,
2018c; Farhat et al., 2019). Some studies have reported the forma-
tion of distinct biofilm structures called streamers. These filamen-
tous structures develop in the surface on one or both ends, while
the rest is floating in the fluid (Stoodley et al., 2005; Valiei et al.,
2012). Biofilm streamers cause significant disruption of the flow,
negatively impacting the pressure drop (Das and Kumar, 2014; Graf
von der Schulenburg et al., 2008; Valiei et al., 2012). In this study,
the higher phosphorus concentration (6 mg P$L-1) resulted in bio-
film attached to the surfaces and biofilm streamers. On the con-
trary, at a lower phosphorus concentration, the streamers were the
governing biofilm structure (Fig. 5). Both biofilms had a similar total
organic carbon (Fig. 3C); however, the phosphate limiting biofilm
showed a substantially lower bacterial cell activity (TCC and ATP).
This result indicates that regardless of the biomass composition,
the biofilm structural properties play a significant role on the
pressure drop increase and detachment from membranes and
spacers.

4.3. Practical implications

Desalination plants usually dose phosphorus-based antiscalants
to control scale formation in the membrane modules, increasing
the phosphorus concentration in the feed water (Ali et al., 2015).
Antiscalants easily avoid precipitation of soluble salts such as CaCO3
and CaSO4; however, the removal of calcium phosphate is still
questionable (Greenberg et al., 2005). Previous research demon-
strated that increasing the concentration of phosphorus can lead to
the formation of colloidal composites within a very short time of
less than seconds, promoting calcium phosphate scaling on the
membrane (Dahdal et al., 2016; Pipich et al., 2013). Moreover, it has
been previously reported that some antiscalants can increase the
assimilable organic content in the feed water, and therefore in-
crease the biofouling potential (Vrouwenvelder et al., 2000). Our
study recommends a low-cost optimization strategy for reverse
osmosis desalination plants by lowering or avoiding the increase of
the phosphorus concentration in the feed water by adding different
chemicals (antiscalants, acids, biocides) to develop a biofilm with
enhanced hydraulic cleanability. The phosphates added to the
antiscalants get concentrated in the brine and act as a nutrient for
algae promoting eutrophication when brine is discharged into the
sea generating environmental problems (El Din et al., 1994; Popov
et al., 2017). Besides the environmental advantages of dosing
phosphorus-free antiscalants, if phosphorus limitation is combined
with carbon restriction after feedwater pretreatment, the approach
could delay biofilm formation prolonging the system performance
(Javier et al., 2020). Our recommendation to lower the phosphorus
and carbon concentration in the feed water and periodic hydraulic
cleaning anticipate a sustainable method to extend system per-
formance, while maintaining water production and, therefore,
reducing the overall water cost.

4.4. Future research

Biofouling control strategies have focused mainly on eradicating
biofilm development (Araújo et al., 2012a; Kim and Park, 2016).
This study proves that biofilm engineering, e.g., manipulating the
feed water nutrient composition, would enable improved biofilm
management strategies. In that sense, it will be possible to engi-
neer, control, and manage biofilms that are easier to be cleaned by
solubilization and removal. This study evaluated the detachment of
9

biofilm grown at two phosphorus concentrations after performing
a hydraulic cleaning. The characterization of the EPS on the mem-
brane and the biomass quantification of the outlet water when
increasing the cross-flow velocity could be used to determine the
removal potential of biofilms grown at different nutrient conditions
to changes in the cross-flow pattern. Future research should focus
on testing (i) different nutrient conditions and (ii) permeate con-
ditions and their effect on biofilm detachment. This data could be
used to customize and design more effective cleaning protocols for
better biofilm removal, such as (i) the proper selection of hydraulic
cleaning methods (backflush, forward flush, bubbles, gas/liquid
two-phase flow cleaning), (ii) the effect of hydraulic cleaning
combined with chemical cleaning along with membrane and
spacer modification for biofouling control (Araújo et al., 2012b;
Bucs et al., 2017), and (iii) the optimization of operational param-
eters during cleaning procedures (Chen et al., 2003). It has been
shown that cleaning-in-place (CIP) efficiency is lower for full-scale
RO than lab-scale MFS (Jafari et al., 2020). Therefore, further studies
should also be performed in full-scale installations by lowering the
phosphorus concentration in the feed water to validate the effi-
ciency of cleaning strategies.
5. Conclusions

This study analyzed the effect of hydraulic cleaning by
increasing the cross-flow velocity from 0.18 m s-1 to 0.35 m s-1 for
1 h on biofilm grown at two phosphorus concentrations (3 mg P$L-1

and 6 mg P$L-1) with the same biodegradable organic carbon con-
tent. Feed channel pressure drop measurements and the charac-
terization of the MFS cross-flow outlet water and biomass on the
membrane and spacer were used as an indicator to analyze system
performance and hydraulic cleaning efficiency. The membrane
fouling simulators were hydraulically cleaned, stopped, and
sampled for biofilm analysis (TCC, ATP, TOC and EPS characteriza-
tion) once a feed channel pressure drop increase of 53 mbar was
reached (þ140% from its initial value). The conclusions of this study
can be summarized by:

(i) Biofilms grown at 3 mg P$L-1 have a higher hydraulic clean-
ability compared to biofilms grown a 6 mg P$L-1. The higher
detachment for biofilms grown at a lower phosphorus con-
centration is explained by fewer proteins and more soluble
polymers in the EPS, translating in a lower biofilm cohesive
and adhesive strength.

(ii) Different biomass composition (in terms of ATP, TCC and EPS
components) can have the same detrimental effect on pres-
sure drop increase, explained by the biofilm’s structural
arrangement in the flow channel (biofilm streamers).

(iii) The manipulation of nutrient composition in the feed water
could develop biofilms that are easier to be removed by hy-
draulic cleaning methods.

(iv) The use of phosphorus-based antiscalants increases the
phosphorus concentration in the feed water, thereby pro-
ducing a biofilm with higher cohesive strength and subse-
quently, reducing the biofilm hydraulic cleanability.

(v) The hydraulic cleaning technique proposed in this study
could be used to analyze the detachment of biofilms grown
at different nutrient composition.
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