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A B S T R A C T

In this study, the membrane autopsy was performed on a full-scale seawater reverse osmosis (SWRO) desalination
plant located on the Red Sea. Several techniques were employed to characterize the nature and the fate of the
foulants in the process, including LCOCD, ICP-MS, SEM-EDS, TSS, and ATP. The efficiency of the pretreatment
in removing the fouling potential was assessed by analyzing the seawater after the intake feed pump, after the
spruce media filter (SMF) and after the cartridge filter (CF). The autopsy of the membrane modules and CF op-
erated for long-term revealed the presence of a heterogeneous fouling layer. The organic fraction composition of
the fouling layer depended on the module position in the vessel. The inorganic deposits embedded in the layer
were mainly composed of aluminum, iron, and magnesium silicate. The inorganic sediments entered the plants
from the shoreline seawater intake and accumulated on the CF filter and the membrane. The analysis of the
pretreatment performance showed an increase of TSS and ATP after CF, highlighting the inappropriate CF filter
replacement time.

1. Introduction

The Gulf countries are located in one of the most arid and semi-arid
regions of the world where rainfall is very limited and evaporation rates
are high. These countries depend mainly on seawater desalination to
meet the growing water demands [1,2]. Desalination plants in the Mid-
dle East and North Africa (MENA) region produce 47% of the world's
desalinated water [3]. Seawater reverse osmosis (SWRO), which relies
on the use of membrane technologies, is the most employed desalination
technology worldwide, accounting for 65% of the capacity in the Middle
East and North Africa (MENA) region [1].

Membrane fouling is still considered one of the main drawbacks
In SWRO desalination, affecting drastically the operation and mainte-
nance costs [4]. Although several approaches and methods have been
proposed in recent years to mitigate fouling, it continues to be a main
challenge in operations [5]. Fouling is due to undesired deposition of
materials on the membrane surface or inside the membrane pores. De-
pending on its nature, fouling can be classified into four types: organic
fouling, inorganic scaling, colloidal fouling, and biofouling. Organic
fouling is caused by the natural organic matter (NOM) present in sur

face water and seawater such as humic substances, polysaccharides, pro-
teins, lipids, nucleic acids, amino acids, organic acids, and cell compo-
nents [6]. Inorganic fouling is due to scaling formation in the membrane
module and highly linked to the solubility and precipitation of some
minerals. Colloidal fouling is influenced by the size of particles in the
colloidal range, shape, charge, and interaction with ions of the colloids
[7]. Biofouling is due to the formation of a biofilm on the membrane
surface. The biofilm formation is due to the presence of microorganisms
where the growth is affected by temperature, tides, currents, turbidity,
nutrients, and organic precursors [8].

Fouling affects the overall process performance, reducing the per-
meate flux, and increasing the operating pressure. Moreover, the foul-
ing formation leads to an increase in chemical cleaning frequency,
which can damage the membranes and decrease the membrane lifes-
pan. In the literature, several fouling monitoring techniques have been
proposed to get information in real-time [9]. However, most of these
studies have not been implemented in full-scale processes. Currently,
the most reliable approach to obtain more detailed information on the
type of fouling is by conducting a membrane autopsy. An autopsy of
a fouled (or used) membrane provides extensive process information,
including if the pretreatment is appropriate or if the operating condi
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tions are well managed. The procedure can help find the problematic
materials (or dominant foulants) on the membrane. The most common
inorganic colloids consist of aluminum silicate clays, colloids of iron,
aluminum, and silica. According to a previous study, those together with
organic deposits account for >70% of the deposits found in membrane
autopsies [10]. Silica fouling has been considered one of the most prob-
lematic types of fouling, whereas the catalytic effect of iron and alu-
minum ions leads to the formation of silica scaling below the saturation
point [11].

Membrane fouling propensity and occurrence are strictly associated
with feed water quality. Although many approaches to mitigate foul-
ing can be found in the literature, the most effective control of mem-
brane fouling is to improve the feedwater quality entering the mem-
brane process [12,13]. Hence, a well-designed pretreatment is crucial
to enhance process performances [14,15]. The pretreatment processes
and design should be selected based on the feedwater analysis and type
of intake [16,17]. Several efforts have been done to control membrane
fouling and to study the performance by using different pretreatment
technologies, which are reported in the literature [18].

The objective of this work is to study the fouling formed on spiral
wound membrane modules in a full-scale SWRO desalination plant after
long-term operation, and assess the impact of the pretreatment scheme
installed. The desalination plant is located in the MENA region, on the
Red Sea. Membrane autopsies were conducted where several analyti-
cal techniques were employed to characterize the fouling formed on the
membrane surface. The efficiency of the pretreatment in removing foul-
ing potential was assessed by collecting samples from different locations
of the plant. The present study provides detailed information, identify-
ing the nature and the origin of fouling observed.

2. Materials and methods

2.1. Description of the desalination plant

The seawater reverse osmosis (SWRO) desalination plant is located
on the Red Sea coast, 100 km north of Jeddah in Saudi Arabia. Fig. 1
shows a flow diagram of the desalination plant. The plant had a capacity
of 40,000 m3 per day. Seven membrane elements were installed in each
vessel (8 in., Toray Industries, Japan). The plant uses a 2-pass configu-
ration to meet the Boron level regulations for drinking water in Saudi
Arabia. The plant employed four SWRO RO trains and four brackish wa-
ter reverse osmosis (BWRO) trains. Each SWRO RO skid train has a sin-
gle-stage, with 140 pressure vessels and 980 membrane elements. Each
BWRO RO skid train has a two-stage design, with 34 pressure vessels
238 membrane elements. Chlorination is performed once a week for dis-
infection in the intake line. The seawater is an open-taken with a screen,
pumped and fed into a pipe connected to a common suction header of
the seawater intake feed pumps. The intake line is 3 km long, whereas
1.5 km is offshore. The pretreatment process includes a high rate mul-
timedia filtration system spruce media filter (SMF), and cartridge filter
(CF) micro-filtration units containing wound polypropylene cartridges
with a 5 μm nominal pore size. The SWRO high-pressure pump is de-
signed for an inlet feed water pressure of 2 bars. The pressure down-
stream of the high-pressure pump is around 67 bar as the maximum on
the membranes. The plant is designed to use four SWRO RO trains and
four BWRO trains.

2.2. Seawater characterization

The characteristics of the Red Sea seawater fed into the plant are
summarized in Table 1. Turbidity was measured with a turbidimeter
(Hach 2100AN, Hach Company, United States). The pH was measured
using pH meter (CyberScan model, Eutech Instruments, Singapore). The
TDS and the temperature were measured with Oakton conductivity me-
ter (CON 510, OAKTON Instruments, United States). Mean values are re-
ported, measured in the plant. Seawater samples were collected at three
different stages of the pretreatment process. The first sampling point was
chosen in correspondence of the intake feed pump, the second sampling
point was after the SMF and third after the CF. The total suspended
solids (TSS) were analyzed by filtering 2 L of seawater through 0.45 μm
membrane filter (Fig. 7). The filters were previously dried in the oven
at 105 °C.

2.3. Autopsy of fouled RO membranes

Membrane autopsies were performed on three membrane modules
taken from different locations within the same pressure vessel (1st (lead;
L), 4th (middle; M) and 7th (tail; T)). The modules had not been kept in
the same position in the pressure vessel over the whole time of operation
(Table S1) as the operator performed an occasionally rotation of mod-
ules within the pressure vessel as part of their periodic maintenance rou-
tine. However, the modules taken for autopsy had been operated contin-
uously in the same location for at least one year. The total time of oper-
ation for the tail (T) membrane module was one year, while the lead (L)
and middle (M) membrane modules had been used for 6 years.

2.4. Membrane sample

After opening the membrane elements, the RO membrane modules
were sectioned. At least nine membrane coupons were taken from each
module. Small membrane coupons (2 cm × 3 cm) were cut and kept in
the refrigerator to prevent the foulant from deterioration before analy-
sis. The membrane coupons were collected from different locations cov-
ering a gradient along the length and the depth (from the external sheets
towards the permeate tube) of each module.

2.5. Inductively coupled plasma mass spectroscopy (ICP-MS)

The samples from the water and membrane coupons were measured
using ICP-MS for the inorganic characterization. The membrane coupons
were immersed into 10 mL acid solution of 1:1 (v/v) of MQ: pure HNO3
(i.e. 70%) and left overnight. The samples were then diluted 20 times
and analyzed using an ICP-MS (Agilent 7500cx, Agilent Technologies,
United States) to measure the inorganic ions in water. Samples are ion-
ized in the plasma at high temperatures and then MS separates and
quantifies the ions formed.

Extracted foulant samples were filtered through a 0.45-μm filter to
remove the particulates before the measurement. The ICP-MS was used
to analyze the seawater samples collected at the different stages of the
pretreatment process. Analyses were performed on both raw seawater
and acidified seawater samples (HCl, pH < 2).

Fig. 1. Flow diagram of the process at the desalination plant in Saudi Arabia on the Red Sea coast. Sampling points to assess the pretreatment efficiency during the process.

2



UN
CO

RR
EC

TE
D

PR
OO

F

L. Fortunato et al. Desalination xxx (xxxx) xxx-xxx

Table 1
Characteristics of the Red Seawater collected at the seawater intake pump.

Parameter Unit Mean value

Temperature °C 22.0 (±2.0)
pH – 7.9 (±0.1)
Conductivity mS/cm 64.1 (±0.2)
Turbidity NTU 3.6 (±0.2)
TDS g/L 42.2 (±0.2)
Alkalinity mg/L as CaCO3 120.0 (±2.0)
DOC mg/L 1.33 (±0.10)

2.6. Liquid chromatography with organic carbon detection (LC-OCD)

Samples from the water and extracted organic foulant samples were
measured using LC-OCD to characterize their organic quantity and main
fractions. The membrane was cut into smaller pieces and placed in a
beaker with Milli-Q water. Organic foulants were collected by physi-
cal washing with mild sonication, which extracts the organic residues
on the membrane surface. The mild sonication was performed in an
ultrasonic bath (Powersonic 420, Thermoline Scientific, 300 W, Aus-
tralia) for a short time (10 min) to prevent the organic matter from
denaturing. Hydrophilic dissolved organic carbon (HPI-DOC), including
biopolymers (BP), humics (HS), building blocks (BB) and low molecular
weight acids (LMW-A) and neutrals (LMW-N), were analyzed based on
size exclusion chromatography. The samples were first filtered through
0.45 μm syringe filters. An injection volume of 2000 μL and a reten-
tion time of 150 min were applied. Samples were transported to two
chromatographic columns (Toyopearl TSK HW50S dual-column, TOSOH
Bioscience GmbH, Stuttgart, Germany) with a phosphate buffer mobile
phase of pH 6.4 at a flow rate of 1.5 mL/min. The acquired data were
processed using the customized software of the instrument (Chrom-
CALC, DOC-LABOR, Karlsruhe, Germany).

2.7. Scanning electron microscopy with energy dispersive spectroscopy -
SEM-EDS

To dissipate charging during imaging and analysis, membrane sam-
ples were coated with 5 nm of platinum. Samples were imaged in Op-
tiplan mode at an accelerating voltage of 2.0 kV and 3.0 kV and work-
ing distance of 4.0 to 10 mm. EDS elemental analysis and mapping
were done at an accelerating voltage of 20 kV and working distance of
10 mm in analytical mode with Teneo VS SEM and Quanta 200 FEG
SEM (Thermo Fisher Scientific, United States) equipped with ETD and
EDS detector (EDAX Inc., United States).

2.8. Microbial ATP measurements

The presence of active biomass of the biofilm layer in the membrane
samples was detected by measuring the adenosine triphosphate (ATP)
concentration in extracted fouling samples. ATP was measured using
the ATP-bioluminescence Analyzer (Rapid microbial detection, Celsis,
United States) which employs the luciferin–luciferase bioluminescence
reaction method [19]. The samples were run in triplicate following a
single tube method where the reagents were added to 100 μL of the sam-
ple. Each sample was then shaken for 2 s and then incubated for 10 min
before recording the luminescence.

3. Results and discussion

3.1. Organic fouling analysis

3.1.1. Analysis of the organic foulants deposited on the membrane by LC-
OCD

In all the RO elements investigated, regardless of the position, the
presence of organic fouling was observed (Fig. 2), with DOC ranging
between 15 and 23 μg/cm2. The profile of the organic matter was char-
acterized by LC-OCD (Fig. 2), showing the amount of organic fouling
varied among the modules. As expected, a higher deposition of organic
fouling was observed on the leading and middle (L and M) modules. A
distribution of the organic fractions was observed relative to the posi-
tion of the module in the pressure vessel, where higher molecular weight
organic components are less permeable resulting in higher amounts of
foulant being present at the inlet of the pressure vessel and decreasing
along the length. BP, HS and LMW-N found to be the main organic mat-
ter constituents deposited on the three elements autopsied.

The relative abundance of the total DOC fractions varied from the
leading (L) to the terminal (T) membrane module (Fig. 2a). The contri-
bution of BP to the total DOC decreased from L to T module (L = 29%,
M = 18%, and T = 3%), as BP components with high molecular mass
are less permeable the membrane. The adhesion of BP to the mem-
branes supports the development of biofilms inducing a decrease of
membrane performance [20,21]. The HS fraction decreased from M to
T module, suggesting that this fraction tends to accumulate on the lead-
ing modules of the vessel. The fraction of LMW-N shows an opposite
trend, increasing from L to T membrane modules, and is inversely linked
with the bacterial activity. In this study, LMW-N constituted around
45–50% of the organic fouling deposited on the membrane surface of
the L and M elements, and 82% of the T element. This result sug-
gests that the NOM fractions deposited on the module are affected by
the position of the module in the pressure vessel, where larger organic
molecules are more abundant in the lead positions [22,23]. In a pre-
vious study, the deposition of HS on the membrane surface was de-
scribed as the major foulant in desalination plants operated in the Mid

Fig. 2. Natural organic matter characterization by LC-OCD of the foulants deposited on the RO membranes. a) Relative distribution of NOM and, b) absolute concentration (ppb) of the
organic matter components extracted from the modules.
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dle East [24]. The results presented in this work are in agreement with
the ones reported by Jeong et al. [23] where an abundance (55%) of
LMW-N was observed in fouled RO membranes from a seawater desali-
nation plant in Perth, Australia. In addition, the LMW organics were
found as the main fraction of fouling reaching up to 75% of the organics
in other membrane processes [25–27].

3.1.2. NOM removal during the pretreatment
The quality of the feed water to the desalination plant located on the

Red Sea is considered relatively high [28]. The turbidity profile cover-
ing one year was relatively constant ranging between 1 and 5.5 NTU
and some sporadic spikes up to 14 NTU (Fig. S1). The NOM profile and
the fouling potential in seawater were characterized using LC-OCD. The
concentration of organic matter in the seawater was around 1.33 mg of
DOC/L, with 92% of the total DOC consisting of mainly LMW-N and
HS fractions (Table 2). The presence of HS in seawater is generally re-
sulting from land or algal activity or photothermal degradation in the
ocean [24]. The LMW-N is reported as one of the main contributors of
assimilable organic carbon (AOC), recognized as one of the main bio-
fouling precursors [29]. The remaining organic carbon fractions con-
sist of BP (2%) and BB (6%).The overall contribution of the NOM on
membrane fouling was assessed in the different steps of the desalina-
tion process. The NOM was analyzed in the feed seawater samples col-
lected along the pretreatment line, i.e. after SMF (SMF filtrate) and af-
ter CF (CF filtrate) (Table 2) [30]. After the combined SMF and CF
treatment, an overall 7% decrease of DOC was observed, each stage con-
tributing with 4.5% and 2.5% respectively. The highest organic mat-
ter removal was observed in BP (33%) and HS (23%) fractions, while
a negligible removal was observed for LMW-N (5%). Results suggest
that the combination of the SMF and CF treatment stages has a mi

Table 2
NOM characterization of the seawater, SMF filtrate and CF filtrate performed by LC-OCD.
The % removal is referred to the seawater inlet.

LC-OCD
fractions

Seawater
(mg/L)

SMF filtrate
(mg/L)

CF filtrate
(mg/L)

Pretreatment
removal

BP 0.09
(±0.02)

0.07 (±0.02) 0.06
(±0.02)

34%

HS 0.14
(±0.03)

0.12 (±0.03) 0.11
(±0.03)

23%

BB 0.02
(±0.01)

0.03 (±0.01) 0.03
(±0.01)

0%

LMW-N 1.08
(±0.04)

1.04 (±0.04) 1.03
(±0.03)

5%

DOCTOTAL 1.33
(±0.10)

1.27 (±0.09) 1.24
(±0.09)

7%

nor contribution to the removal of organic matter, predominantly reduc-
ing high molecular weight organics while large portions of the NOM are
transported to the RO process.

3.2. Inorganic fouling analysis

3.2.1. Analysis of the inorganic foulants deposited on the membrane
The ICP-MS analysis was performed on 9 membrane coupons col-

lected from three different positions for each membrane module, for
a total of 27 samples (Fig. 3 and Table 3). The inorganic fouling
deposited on the membrane is usually linked to three main factors:
feed water composition, chemicals used during the pretreatment, and
materials of the desalination plant [23]. The major elements detected
with ICP on the fouled modules were
Na > Mg > Fe > Al > Si > K > Ca > Cu > Mn > Mo. The high
presence of Na and Mg is related to their high concentration in the sea-
water. Indeed, the ICP analysis was performed on wet samples which
are affected by the seawater present. Nevertheless, while the high con-
centration of Na and Mg on the analyzed coupons can be linked to the
seawater, this does not apply to Fe, Al, and Si.

It is interesting to note that Fe, Al, and Si, were present in all the
modules despite their age or position (Table 3).

SEM-EDX analysis was performed on the samples collected from dif-
ferent locations to obtain a better understanding of the nature of the
inorganic foulant in the modules. Imaging analysis of the membrane
coupons and feed spacers revealed the presence of a thick heterogeneous
fouling layer with particles embedded in it (Fig. 4). The presence of ir-
regular particles was observed in the upper part of the fouling layer of
both membrane coupons and feed spacers (Figs. 4 and 5). It is worth
mentioning that particles larger than 5 μm were observed in the fouled
samples although pretreatment with the CF was performed before the
membrane modules. EDX analysis enables the chemical characterization
of the particles observed during the imaging analysis. A high level of
Mg, Si, Al, and Fe were observed (Fig. 5) in the scanned area (Fig. S2).
The major elements detected with EDX were Si > Al > Mg > Fe (Figs.
5 and S2). Si was the most abundant element in the majority of sam-
ples analyzed, found in the form of SiO2 or metal silicates associated
with other elements (e.g. Fe2SiO4, Al2SiO5 and Mg2SiO4). The solubility
of these salts is much lower than pure silica. Reports in literature show
that the formation of these salts can be promoted by the incorrect use of
antiscalants and sodium bisulfite (SBS). Phosphonate-based antiscalants
were found to promote the formation of aluminum silicate on the mem-
brane surface [31]. Excess of SBS reduces the dissolved silica causing
the formation of insoluble silicate precipitates that act as nuclei of scal-
ing on the membrane surface [32].

Fig. 3. Inorganic composition of the foulants deposited on the RO membranes determined by ICP-MS.
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Table 3
Inorganic elements extracted from the autopsied RO membrane modules from a full-scale
desalination plant (n = 9).

Element Leading Middle Tail

B (μg/cm 2) 1.2 (±0.4) 0.8 (±0.3) 0.4 (±0.1)
Na (μg/cm 2) 93.3 (±18.0) 69.0 (±12.4) 61.3 (±8.2)
Mg (μg/cm 2) 64.3 (±15.7) 50.3 (±16.7) 20.0 (±2.8)
Al (μg/cm 2) 31.7 (±17.0) 27.2 (±16.2) 8.3 (±1.8)
Si (μg/cm 2) 20.9 (±4.3) 16.4 (±1.7) 14.3 (±1.8)
K (μg/cm 2) 19.8 (±6.0) 16.1 (±6.8) 6.1 (±0.9)
Ca (μg/cm 2) 3.3 (±1.4) 2.2 (±1.1) 1.0 (±0.3)
Mn (μg/cm 2) 0.4 (±0.3) 0.6 (±0.4) 0.2 (±0.1)
Fe (μg/cm 2) 33.9 (±10.1) 35.7 (±13.0) 12.7 (±2.7)
Cu (μg/cm 2) 2.2 (±0.9) 1.7 (±1.0) 0.4 (±0.1)
Zn (μg/cm 2) 0.4 (±0.2) 0.4 (±0.3) 0.2 (±0.1)

3.2.2. Aluminum (Al), iron (Fe) and silica (SiO2)
Al and Fe are inorganic foulants commonly found in RO desalina-

tion autopsies, where the high concentration in the fouling layer is at-
tributed to aluminum or iron based coagulants [33]. The presence of
iron could be also attributed to or chemicals or plant construction ma-
terials of the desalination plant (i.e. pipes, intake structure, and pumps)
[34]. However, coagulants were not used during the pretreatment step
in this case and corrosion-resistant materials were employed in the
plant. Al and Si are also elements commonly found during membrane
autopsies of desalination plants [35,36]. In order to identify the ori-
gin of the inorganic foulants deposited on the membrane surface, a
detailed analysis of the feed water was performed. Fe, Al, and Si are
trace elements found in the seawater in their dissolved form [37]. Often
these elements are not detected by chemical analysis of the feed water,

since the feed water quality analysis targets only the concentration of
these metals in the dissolved form. However, these are often present
in colloidal or particulate forms [14]. Therefore, to assess and quan-
tify the amount of Al, Fe, and Si in seawater entering the plant, it was
necessary to quantify the concentration of elements in both colloidal
and particulate forms [7]. A possible way to have an overall quantifica-
tion of these elements in the seawater entering the line consists of dis-
solving these components by acidifying the solution. Table S2 reports
the ICP-MS quantifications of the three elements comparing the sample
with and without acid digestion. By adding acid the concentration of the
three compounds increased significantly in the feed solutions. Hence,
these elements enter the seawater line mainly in the particulate and
colloidal forms. Their abundance increases during high turbidity events
and is strongly influenced by the location and type of intake [38]. For
this desalination plant, the entrance of the open intake pipe is 1.5 km
offshore at a depth of 10 m and located on the seabed. The sea bed
around the intake pipe entrance consists of muddy sediments, where an
ICP-MS analysis performed on the sediments collected on the shoreline
confirmed the abundance of Fe, Al, and Si (Fig. 6). Literature reports
show the Arabian Red Sea coastal area is composed of detrital and clay
sediments rich in Fe2SiO4 and Al2SiO5 [39–41]. The presence of these
sediments was confirmed by a SEM-EDX analysis of colloids and particu-
lates collected close to the shoreline (Fig. 6). The presence of Al, Fe, and
Si observed on the RO membrane, therefore, correlate with the shore-
line characteristics in the proximity of the seawater intake. The accumu-
lation of the sediments inside the modules arises, probably during high
turbidity events.

3.2.3. Evaluation of the pretreatment efficiency
Once the source of these elements was identified, the fate of the

particulate fouling during the pretreatment process was assessed. The
efficiency of the pretreatment in removing the colloidal and particu

Fig. 4. SEM of the fouled membrane coupons collected from each module. A heterogeneous fouling layer was observed in the modules.

Fig. 5. SEM-EDX analysis of the inorganic particles (highlighted by the red squares) deposited on the membrane leading module. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. SEM-EDX analysis on sediments collected in correspondence of the shoreline.

late foulants was determined by analyzing the samples collected at three
different pretreatment steps. The analysis was done by filtering 2 L of
water through 0.45 μm membrane filters on samples collected after the
intake (i.e. after the intake feed pump in the desalination plant), after
the SMF and CF stages (Fig. 7). On the sample collected after the intake
feed pump, the three elements are present in a particulate form, mainly
as silicate and metal oxides (Fig. 8) Visual inspection of the filters and
total suspended solids (TSS) analysis demonstrates that the sample after
the SMF reduces the colloidal and particulate matter compared to the in-
take sample. The concentration of colloids and particulates of the seawa-
ter collected after the intake pump was 16 mg/L. The seawater collected
after the SMP showed a decrease in TSS concentration up to 7 mg/L. The
TSS concentration after the CF increased up to 14 mg/L, even doubling
in concentration compared to before the CF (Fig. 8), highlighting some
anomaly in the pretreatment process.

While the colloidal matter and Si were reduced significantly in the
sample collected after SMF, larger size particulate foulants were de-
posited on the clean 0.45 μm filters. The results were also confirmed
by the EDX profiles. The samples collected after the SMF presented dif-
ferent EDX spectra compared to the ones at the intake and after the
CF, highlighting the difference of deposits' nature (Fig. S3). The par-
ticles deposited on the SMF samples were mainly Fe and Al oxides,
with Si only present in trace amounts. The dual media filter consists of
alumina (Al2O3) and magnetite (Fe3O4), and therefore, the presence of
these suspended solids in the seawater was due to a minor leak from the
SMF media. More surprisingly, the samples collected after CF show an

even higher deposition of particulate and colloidal foulants compared
to the other samples (Fig. 7), both from visual observation and TSS
analysis. SEM-EDX on the sediments collected after the CF unit showed
an abundance of Al2SiO5 particles, with a strong similarity to the sed-
iment collected at the intake and on the shoreline (Fig. S3). From the
SEM images (Fig. 5) it is possible to observe the presence of particles
larger than the cartridge filter size (5 um). The results on the parti-
cles sampled after the CF were also confirmed by an autopsy performed
on the fibers collected from the CF operated for 3.5 months (Fig. 9).
The SEM-EDX analysis revealed an abundance of Si on the fouling de-
posited in the CF (Fig. 9). Comparison of the EDX spectra of the fouling
formed on the CF and the sediments collected on the shoreline (Fig. 6),
analogous EDX spectrum can be observed. Indeed, the two EDX spectra
present the same elements in intensity and ratio, with the only differ-
ence being the presence of sodium chloride crystals in the autopsied CF
samples (Figs. 6, 9). Over time a small part of the sediments coming
from the shoreline accumulates on the CF (Fig. S4). Moreover, due to
the long replacement time, a thick fouling layer was formed that hin-
dered the action as a screen allowing particulates to enter the mem-
brane train. In summary, the findings from this study underline the in-
efficiency of CF in removing colloidal fouling, highlighting the need to
assess the CF replacement frequency. For the example above, the CF
replacement frequency initially of 3.5 months was increased after this
investigation, reducing significantly the CF lifetime and improving the
pretreatment performance. Often in full-scale desalination plants, the
CF lifetime is extended to reduce the cost associated with the replace

Fig. 7. Analysis of the colloidal and particulate fouling by filtering 2 L of seawater collected at different pretreatment steps. SEM-EDX analysis on filters collected at different locations of
the plant.
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Fig. 8. Analysis of the total suspended solids (TSS) on the seawater samples collected over
the pretreatment line, before (BCF) and after (ACF) the cartridge filter.

ment. In most of the cases, the replacement frequency is chosen only
based on of the costs without considering the decrease in performance
and the negative impact on the membrane process. Considering that the
CF is a key step of a pretreatment process representing the last barrier
before the membrane modules, more research is needed to evaluate the
CF performance and to assess optimal CF replacement time.

3.3. Biological activity on seawater and membrane modules

Biofouling is often considered one of the main problems in SWRO
desalination plants, contributing significantly to an increase in OPEX.
Biofouling is reported to correlate to the feed water quality entering the
membrane modules. The biological activity, the DOC concentration and
composition, and the availability of nutrients (AOC, N, and P) are of-
ten used as parameters to indirectly assess the biofouling potential of
the feed water [23,28,42]. Abushaban et al. employed ATP as a method
to assess the fouling potential in SWRO desalination plants [29]. ATP
is linked to the biomass activity and considered the energy currency
of the cell. ATP analysis has also been employed in membrane-based
processes for the production of freshwater to measure feedwater activity
and to quantify the biomass deposited on the membranes [26,43,44].
The analysis performed on the water collected at different stages of the
pretreatment line highlighted the CF malfunction (Table 4). In fact, the
sample collected after the CF was found to have a higher biomass activ-
ity than the one collected after the SMF. Thus, the outlet from the CF
had a higher biofouling potential. The higher biomass activity was due
to the bacterial activity of the thick layer formed on the CF (Figs. 9 and
S4). Previous study demonstrated that over time the quality of the CF
outlet is affected by the accumulation of bacteria on the CF media [45].

The membrane autopsy provided insight into the biological fouling
formed in the modules. For the L membrane module, biofilm forma-
tion was observed on the membrane surface and on the feed spacer.
Severe biofouling is reported to occur mainly on the lead module due
to the higher availability of nutrients at the pressure vessel inlet [46].
In this study, a matrix composed of biofilm, inorganic and organic

foulants was found on the feed spacer (Fig. 10). On the L and M mem-
brane modules, biofilms were observed even below the surface fouling
layer (Fig. S5). However, the biofilm seems to contribute only partially
to the colloidal fouling matrix, where the majority is represented by in-
organic and organic layers. The visual observation was also confirmed
by the moderate biological activity as determined by the ATP analysis
(Table S3). Higher activity was observed in the M and L compared to the
T, this probably due to the difference in age and/or position in the ves-
sel. The ATP of the membrane modules was linked to the organic fouling
fraction distribution. The biomass activity correlated to the deposition
of BP on the membrane module and inversely correlated to the deposi-
tion of LMW-N. In fact, BP accumulation is correlated to the biofilm for-
mation [21], while LMW organics are the most biodegradable organic
fractions consumed by microorganisms [47].

4. Conclusions

A detailed analysis was performed to identify the nature and the fate
of the foulants on a full-scale seawater reverse osmosis (SWRO) desali-
nation plant located on the Red Sea. Membrane autopsy was performed
on the module operated for long-term. The pretreatment efficiency was
evaluated by analyzing the sweater at different stages of the process. The
results of this study can be summarized below.

• The DOC of the seawater entering the plant was mainly composed of
LMW-N organics. The pretreatment had a minor contribution to the
removal of organic matter.

• The organic fraction distribution found in the fouling layer depended
on the position of the module in the vessel. The BP abundance de-
creased from the leading to the tail module (L = 29%, M = 18%,
and T = 3%), while the LMW-N showed an opposite trend (L = 45%,
M = 50%, and T = 82%).

• The SEM-EDS and ICP-MS analysis of the fouling found on membrane
and cartridge filter revealed the presence of inorganic deposits (sedi-
ments) mainly composed of aluminum, iron, and magnesium silicate.

• The inorganic sediments entered the plants from the shoreline sea-
water intake and accumulated on cartridge filter and the membrane
module.

• An increase of TSS and ATP was observed in the seawater collected
after CF, highlighting the inappropriate cartridge filter replacement
time.
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Table 4
Biomass activity in the seawater samples collected over the treatment line.

Seawater ATP (pg/mL)

Intake 750 ± 30
SMF filtrate 460 ± 20
CF filtrate 640 ± 20
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Fig. 10. SEM images of the fouled membranes and feed spacers collected from different membrane modules showing the presence of bacterial activity.
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