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A B S T R A C T

The objectives of this study are to evaluate the performance of two different commercial seawater
reverse osmosis (SWRO) membranes and to identify the causes of membrane failures. Membrane
performances were evaluated by analysing the actual operating data and normalisation of permeate
flow and salt passage. American Standards for Testing Materials (ASTM) and Homogenous solution
diffusion (HSDM) standardisation methods were used. Comprehensive operating data for a period
of 360 days were used to compare the accuracy of both methods. It was observed that the normalised
permeate flow slightly decreased while normalised salt passage significantly increased during the
operation period. The values of normalised permeate flows were identical by both standardisation
methods, while the values of normalised salt passage were different. The standardisation methods
showed that the performance deterioration of both RO membrane units is due to fouling. In order to
determine the true identity of fouling two SWRO membrane elements were collected from the plant
and subjected to membrane autopsies. The visual observation of unrolled membranes showed that
the membrane surfaces and feed spacers were covered by loosely attached amorphous fouling
material. Investigation by AFM found different types of fouling including inorganic, colloidal, and
biofouling. The top surfaces of clean and fouled membranes were investigated by FTIR and XRD.
FTIR results indicate that the major components of fouling materials are polysaccharides, silicate and
hematite. XRD results indicate that the crystalline phase on the surfaces of both membranes was
CaCO3 scale as a mixture of calcite and aragonite.
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1. Introduction

Reverse osmosis (RO) membranes have been used in
desalination of brackish and sea waters over the last three
decades. The advantages of RO membrane technology are
its ability to produce high quality water for drinking and
industrial purposes, to reduce the size of treatment plant
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and to simplify water treatment processes. The most
commercially available RO membranes are composed of
a polyamide layer on top of a microporous polysulfone
(PS) supported by a polyester non-woven backing layer.
Fouling and degradation are the most serious problems
that affect their performance. Fouling is a problem that
requires expensive pretreatment and frequent chemical
cleaning especially in the RO plants that use an open
intake system. Fouling includes inorganic, organic, col-
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loidal and biological fouling which causes deterioration of
product quality and quantity and an increase in energy
consumption [1,2]. The early stages of fouling can be
predicted using indirect methods such as measuring of silt
density index (SDI), biological activity in raw and treated
RO feed water, calculation of scaling potential and
measuring of actual permeate flow, salt passage and
differential pressure [3]. However, feed water quality,
temperature and pressure can vary resulting in variation
of product quality and quantity. As the temperature of RO
feed water increases, osmotic pressure increases and the
net driving pressure decrease. Moreover, increasing feed
water temperature increases the pore size of the mem-
brane causing an increase in salt and water permeability
which deteriorates the quality of the product water [4].
Therefore, it is very important to normalize the operating
data to determine the actual performance of RO mem-
branes [5]. However, such indirect fouling observation
methods have limitations in identifying the type and
cause of fouling. The only reliable method of determining
the true identity of membrane fouling is by membrane
autopsy [6–9]. The term “autopsy” is used to describe a
series of scientific tests and analysis on a used RO
membrane element to reveal information about the causes
and types of fouling that affect membrane performance
[10,11]. Beside visual inspection the composition of foul-
ing material can be determined using a variety of analy-
tical techniques including x-ray photoelectron spectro-
scopy (XPS), X-Ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FITR) [12]. The ATR-
FTIR spectra provide a way to determine the chemical
composition of the membrane and fouling materials [13].
The composition and morphology of the fouling layer can
be determined using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). AFM images provide
a quantitative measurement of membrane surface rough-
ness and the attachment of fouling material onto the
membrane surface, while FTIR and XRD provide infor-
mation on the components in the RO membranes and
fouling materials [14–16]. Therefore, AFM, FTIR and XRD
data offer direct information on the types and causes of
the fouling. A fundamental understanding of the cause of
membrane fouling and its prevention in full-scale SWRO
desalination plants is very important for more effective
and economical operation. The objectives of this study are
to predict and identify fouling that cause membrane
failure in a full scale SWRO desalination plant using the
normalisation and membrane autopsy techniques. 

2. Description of the RO plant

The Tajoura SWRO desalination plant is the largest RO
plant in Libya and was designed to produce drinking and

Fig. 1. Schematic flow diagram of a two-pass SWRO desali-
nation plant.

industrial waters. The total production capacity of the
plant is 10,000 m3/d [17,18]. The raw seawater is pre-
treated using copper sulfate for disinfection, sulfuric acid
for pH adjustment, ferric chloride for coagulation, dual-
media filters, addition of anti-scalant and 5-micron car-
tridge filters prior to the RO membrane units. The plant
consists of a seawater open intake, pre-treatment, two
passes of RO membranes in two lines, post-treatment and
product water storage. The first pass consists of four
similar trains equipped with spiral wound SWRO mem-
branes, a high pressure pump and recovery turbine. The
permeate from the four trains flows to buffer tanks and is
then pumped to the second pass. The second pass consists
of two similar trains and each train consists of three stages
equipped with BWRO membranes and a high pressure
pump. A schematic diagram of the plant is shown in
Fig. 1.

3. Theory

Normalisation methods — The actual operating data
such as feed pressure, water temperature and feed water
conductivity can change with time causing changing in
permeate quality and quantity. Therefore, it is necessary
to normalise the actual operating data and compare the
actual performance to the standard performance. Changes
in the normalised parameters (permeate flow, salt passage
and differential pressure) indicate the deterioration of the
membrane performance. The ASTM mathematical model
consists of two main parameters: normalised permeate
flow and normalised salt as shown in Eqs. (1) and (2).
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The HSDM method, which is derived from funda-
mental diffusion theory, can also be used to normalize the
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actual operating data of NF and RO membranes [19]. The
normalisation of permeate flow using the HSDM is
identical to the ASTM method [Eq. (1)]. However, by the
HSDM the normalised salt passage, which is a ratio of
diffusion of salt flux divided by water flux, is calculated
using Eq. (3). 
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The water and salt permeability coefficients can be
calculated using Eqs. (4) and (5).

                     (4)
( )

w
w

J
K

P

 

                           (5)
( )

s
s

J
K

C



4. Materials and methods

4.1. Membrane autopsy

To investigate the causes of deterioration of plant
performance and to determine the true identity of fouling,
two SWRO membrane elements were removed from the
installation and subjected to autopsy. The elements were
covered by sterilised plastic bags and stored at 4EC until
analysis to preserve the original biomass composition as
present under the operation conditions. In the laboratory
the end caps and outer casing of the membrane elements
were inspected and removed. The membrane elements
were unrolled for visual inspection and testing following
the autopsy standard procedures [5–9].

4.2. Microbiological investigation

The microbiological analysis of fouling material was
carried out according to the method used by Schneider
et al. [20]. Fouled membrane samples of a known area
(5×5 cm) were cut off from membrane sheets and trans-
ferred into test tubes containing 10 ml of sterile seawater
and vortexed. Serial dilutions were carried out to deter-
mine the number of bacteria (expressed in colony forming
units per area (cfu/cm2) on R2A agar. A 0.1 ml sample was
spread on R2A medium Petri dishes. The plates were
incubated at 32oC and counted periodically until the
number of colonies stabilised. R2A medium was selected
for its low nutrient content, moderate incubation tem-
perature, long incubation time and suitability for recovery
of stressed and chlorine-tolerant bacteria [21].

4.3. Atomic force microscopy (AFM)

A nanoscope III atomic force microscope (Digital
Instruments, USA) was used to investigate the surface
morphology of clean and fouled RO membrane samples.
Clean membrane samples were rinsed and soaked in
distilled water for 24 h. Both clean and fouled membrane
samples were transferred into clean Petri dishes and dried
in a laminar flow cabinet prior to AFM investigation.
Standard nanoprobe silicon (Si) cantilevers (model
OMCL-AC160TS-E) were used. A tapping mode in the
dry state was used. Small pieces of membrane were cut off
from the dried membrane samples and placed on a
stainless steel disc and investigated by AFM. 

4.4. ATR–FTIR

Attenuated total reflection–Fourier transform infrared
spectroscopy (ATR–FTIR) was used to investigate the
functional groups of clean and fouled thin film composite
SWRO membranes. FTIR analysis was conducted using a
Perkin Elmer FTIR spectroscope. Clean and fouled mem-
brane samples were prepared by the same procedure
mentioned in Section 4.3. Previously dried membrane
samples (3×3 cm) were pressed against each side of a
germanium (GE) reflection element (6 mm, 45o). All
spectra (100 scan at 4 cm!1 resolution) were recorded at
25oC. 

4.5. XRD of membrane samples

The crystalline phases of fouling material deposited on
the surface of both SWRO membranes were analysed by
XRD. The XRD was carried out to determine the chemical
nature of the scales deposited on the surface of RO
membranes and to determine if the CaCO3 scale is present
as calcite, aragonite or a mixture of both. Clean and fouled
membrane samples were prepared by the same procedure
mentioned in Section 4.3. A Philips X-Ray diffract meter
was used to scan clean and fouled RO membrane samples
over the range of 5–80E at scan speed of 1E/min and a step
size of 0.02E.

5. Results and discussion

5.1. Performance evaluation of fluid systems and Toray RO
membrane units

Performances of Fluid Systems and Toray membrane
units were evaluated by analysing the actual operating
data for a period of 360 days. The parameters used were
permeate flow, permeate concentration and differential
pressure. It was noticed that the operating pressure was
increased gradually to avoid the decline in production
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Fig. 2. Actual permeate concentration vs. operating time for
the Fluid Systems and Toray membrane units.

Fig. 3. Actual differential pressure vs. operating time for the
Fluid Systems and Toray membrane units.

rate. After 1 year of operation both membrane systems
had stable permeate flow within the design values. The
permeate concentration of both membrane units increased
steadily with operating time by about 27% and 21%
respectively (Fig. 2) , while the differential pressure in-
creased by about 43% and 30 % respectively (Fig. 3). 

From Figs. 2 and 3 it can be seen that the permeate
concentration and differential pressure values of the Fluid
Systems membrane unit are higher than the Toray mem-
brane unit due to differences in membrane specifications.
Actual performances of RO membrane systems are not
steady and operating data fluctuated with time; therefore,
permeate flow and salt passage have to be normalised.
The normalised permeate flow and salt passage calculated
using Eqs. (1)–(4) of the ASTM and HSDM are shown in
Figs. 4 and 5 respectively.

It can be seen from Fig. 4 that normalised permeate
flows for both RO membrane units follow similar patterns.
The methods are identical in normalisation of permeate
flow and difference in normalisation of salt passage
(Fig. 5). Normalised permeate flow of the both membrane
units were initially higher than the actual permeate flow
and decreased gradually during the first 6 months of
operation. This can be attributed to the effect of the
pressure correction factor [22]. After 270 days of operation
normalised permeate flow of both units decreased by
about 13% and 7% respectively, while the normalised salt
passage increased steadily with operating time by about
25% in both RO membrane units. According to these
results it can be concluded that the fouling is the main
reason for performance deterioration of the RO membrane

Fig. 4. Actual and normalised permeate flow vs. operating
time for (a) Fluid Systems and (b) Toray SWRO membrane
units.

Fig. 5. Actual and normalised salt passage vs. operating time
for Fluid Systems and Toray SWRO membrane units.

units in the plant. However, performance normalisation
methods can not determine the true identity and causes of
fouling and are used to determine when chemical cleaning
should be implemented to prevent irreversible fouling. It
is difficult to detect the early development of membrane
fouling in the RO membrane systems by monitoring long-
term performance because fouling is cumulative in nature
and builds up with operating time [23]. Therefore, mem-
brane autopsy is the only reliable method for determining
the true identity of membrane fouling.



I.M. El-Azizi, R.G.J. Edyvean / Desalination and Water Treatment 5 (2009) 34–4138

5.2. Membrane autopsy

Membrane autopsies were carried out on two 8"
SWRO membranes from Fluid Systems and Toray. Both
RO membranes were visually inspected for evidence of
damage. No evidence of telescoping or damaging of outer
casing was seen. The membrane elements were unrolled
and the membrane surfaces, feed and permeate spacers
were visually inspected. Creep near the glue lines was
observed in Fluid Systems membranes but not in Toray
membranes. The surfaces of both membranes were
covered by reddish brown fouling deposits. The presence
of creep near glue lines is due to high differential pressure,
water hammering and/or a manufacturing problem. The
deposits on the membrane surfaces of both membranes
were highly amorphous and can be easily removed by
swabbing and water flushing. 

5.3. Microbiological enumeration

Microbiological analyses were carried out on known
areas (5×5 cm) of membrane surface using the plate count
method in R2A agar. The number of microorganisms that
are present are expressed as colony forming units per area
(cfu/cm2) (Table 1).

From Table 1 it can be seen that the bacterial counts on
the Fluid Systems membranes is slightly higher. Darton
[8] reported that the performance of RO membrane
systems would not be affected if the bacterial count
remains below 104cfu/cm2 because the biofilm is stable
in this condition and many plants work satisfactorily
with such a biofilm. Where the bacterial count exceeds
105 cfu/cm2, the biofilm is considered to be producing
sufficient polysaccharides to become problematic in RO
membrane systems. The polysaccharide material can act
as a trap for other fouling materials and increase the
potential of composite fouling. The bacterial count in the
fouling material was found to be 105 cfu/cm2, and biofilm
is therefore one of the operational problems in both RO
membrane units.

5.4. Atomic force microscope results

The surface morphologies and membrane roughness
of clean and fouled membranes were investigated using
AFM. Both clean RO membranes have rough surfaces
with peak-and-valley structures (Fig. 6). These could trap

Table 1
Bacterial count (cfu/cm2) of membrane samples

Membrane samples Fouling material (cfu/cm2)

Fluid Systems 1.1×105

Toray 6.2×104

Fig. 6. AFM images of clean Fluid Systems (a) and Toray (b)
SWRO membranes.

fouling materials which may cause a severe fouling. The
AFM images of the fouled membranes were markedly
different from those of clean membranes (Fig. 7). Similar
fouling materials, amorphous in nature, were detected on
both membranes. 

From Fig. 7 (images a and c) it can be seen that both
membrane surfaces are completely covered by fouling
material. Long needles of crystals were observed on the
surface of the fouled Toray membrane (see Fig. 7c), indi-
cating precipitation of CaSO4. The calcite form of CaCO3

with rhombohedral morphology and sharp straight edges
is observed on the surface of both membranes (Fig. 7b
and d) while, rod-shaped microbes were detected on the
surface of Toray membranes (see Fig. 8b). It seems that
when the fouling layer reaches a certain thickness, further
materials such as crystals and extracellular polymeric
substances, are deposited on the surface of fouling layer.

The presence of CaCO3 scaling on the surfaces of both
RO membranes is attributed to the high pH of RO feed
water and/or the high salt concentration on the mem-
brane surface due to fouling. Fouling limits back diffusion
of solute from the membrane surface to the bulk solution
and increases the salt concentration at the membrane
surface [24,25]. Tzotzi [26], in his study of CaCO3 scale
formation in RO and NF membranes, attributed the
domination of calcite crystals to solution pH and/or
higher supersaturation level of CaCO3. From Fig. 8 one
can see that the structure of calcite crystals increases in
size with regular and deformed shapes in which they
agglomerate, forming a layer of blocks and/or plates
blocking the membrane surface.

Chen [27] investigated the effect of Mg2+ on CaCO3

formation found that with increasing Mg2+ concentration
in solution the formation of calcite crystals with distorted
edges is increased and the cubical and/or rhombohedral
structure of crystals is changed. He observed that at 0%
concentration of Mg2+ in solution all calcite crystals are
perfect in structure; however, with increasing Mg2+ the
structure of CaCO3 crystals is distorted. The Mg2+ ions are
possibly adsorbed on the surface of calcite crystal and
cause the distortion of the edge of calcite crystal and
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Fig. 7. AFM images of fouled Fluid Systems (a and b) and
Toray (c and d) SWRO membranes by calcium carbonate in
the calcite form.

Fig. 8. AFM images of blocking layer of calcite crystals on the
surface of Fluid Systems (a) and Toray (b) SWRO membranes.

Table 2
Surface roughness of clean and fouled Fluid Systems and Toray
SWRO membranes

Membrane type Ra (nm) Rms (nm)

Fluid Systems (new) 41.251 51.692
Fluid Systems (fouled) 98.466 143.29
Toray (new) 49.144 63.705
Toray (fouled) 87.748 104.55

formation of crystals with rough surfaces. The same
results were observed on the surface of Fluid Systems and
Toray SWRO membranes which can be attributed to the
high concentration of Mg2+ in the RO feed water.

The AFM allows measurement of the arithmetic (Ra)
and the geometric mean (Rms) of surface roughness.
Table 2 presents the Ra and Rms values for clean and

fouled membranes. The AFM images and surface rough-
ness calculation showed that the clean Toray SWRO
membrane has a rougher surface compared to the Fluid
Systems membrane. However, the surface roughness of
the fouled Fluid Systems membrane is higher than the
Toray membrane. A possible reason is that the Toray
membranes were placed after refurbishment of pretreat-
ment systems in the plant; however, AFM images and
surface roughness calculation indicate that the fouling
potential in the plant is still high even after the refur-
bishment process.

5.5. ATR–FTIR spectroscopy results

ATR–FTIR spectroscopy is a very useful tool for deter-
mining the chemical composition of the RO membrane
and fouling material. Attenuated total reflection (ATR)
offers the possibility of investigating the chemical compo-
sition of smooth surfaces such as RO membranes without
any sample preparation and thus in the undisturbed state.
The IR beam can penetrate through the membrane or foul-
ing layer and gives a spectrum of the average composition
of this layer. Therefore, the FTIR spectra of clean and
fouled Fluid Systems and Toray SWRO membranes were
investigated to identify the chemical groups of RO
membrane and fouling materials (Fig. 9).

The spectra of clean and fouled RO membranes were
compared. It was observed that both clean SWRO mem-
branes have similar spectra where the majority of strong
peaks are located in the amide and carbohydrates regions
(1750 and 700 cm!1). These peaks are not present in the
spectrum of the fouled RO membranes and can not be
detected by FTIR because the fouled layer appears to be
more than 1 µm thick which is the maximum the infrared
light wave can penetrate. An expanded region of FTIR
spectra between 1700 and 700 cm!1 for clean and fouled
RO membranes is shown in Fig. 10. 

The strong peaks in the spectra of fouled membranes
indicate that the fouling materials are polysaccharides,
hematite and/or silicate (1038 and 930 cm!1) and proteins
(1570–1640 m!1) [28,29]. Cho et al. [30] attribute FTIR
absorption in this region to polysaccharides, while Howe
et al. [11], attribute this absorption to silicate impurities.
Pei Xu et al. [31] attributes this absorption in the carbo-
hydrate region to polysaccharides, silicate and colloids.
The FTIR results suggest that the deposits on the surfaces
of both RO membranes contain, polysaccharides, silicate
clay minerals and iron compounds which pass through
the pretreatment systems and accumulate on the mem-
brane surfaces.

5.6. XRD results

The spectra of clean and fouled membrane samples
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Fig. 9. FTIR spectrum of clean and fouled Fluid Systems and
Toray SWRO membranes.

Fig. 10. Expanded FTIR spectrum of clean and fouled Fluid
Systems and Toray SWRO membranes.

Fig. 11. XRD spectra of clean (a) and fouled (b) Fluid Systems
and Toray SWRO membranes.

show similar peak patterns (Figs. 11a and b). However,
differences in the peak heights indicated that the concen-
tration of CaCO3 scale is higher in the Fluid Systems
membrane compared to the Toray membrane.

Calcium carbonate scale can form on the membrane
surface as calcite and aragonite where aragonite tends to
form in solutions containing magnesium [32]. The X-ray
patterns of fouled membranes were found to contain
several crystalline peaks at 22 values of approximately
33.3E, 46.3E and 66.5E, representing the presence of the

CaCO3 scale as both calcite and aragonite. The calcite peak
at 22 values of approximately 33.3E was found to be
higher on the Fluid Systems membranes than that on the
Toray membrane. The XRD results were confirmed by
AFM observations in which CaCO3 scaling was found to
be hard and tenacious. Both fouled membranes were
chemically cleaned by hydrochloric acid (HCl) after which
the CaCO3 peaks disappear from the spectra, indicating
that HCl has excellent removal ability for CaCO3 scale. 

6. Conclusions

ASTM and HSDM are useful methods for evaluation of
RO membrane performance. The two RO membrane units
show permeate flow higher than the design in the first
6 months; then it decreases, while the normalised salt
passage and differential pressure increased significantly
with operational time due to fouling. The identity of
fouling was determined using membrane autopsy tech-
niques. The visual inspection of the unrolled SWRO
membranes revealed a heavy brownish-reddish foulant
layer on the surfaces and feed spacers of both membranes.
Presence of creep near the glue lines of Fluid Systems
membrane may be attributed to high deferential pressure
or water hammering and/or possibly due to a manu-
facturing problem.

The deposits on both membranes are predominantly
amorphous in nature and can be easily removed by
swabbing and water flushing. The biological growth on
the membrane surfaces with bacterial count 105 is a
problem for the operation of the RO membrane units.
Membrane surface examination by AFM shows that the
membrane surfaces are covered by a thick fouling layer
which contains different foulants. ATR–FTIR investigation
of clean and fouled SWRO membrane samples shows new
peaks at 1038 and 930 cm!1 in the fouled RO membrane
corresponding to polysaccharides, hematite and silicate.
XRD results suggest the formation of CaCO3 crystals on
the surfaces of both membranes as a calcite and aragonite.
AFM, ATR–FTIR and XRD provide valuable information
about about types and cause of fouling that can lead to
membrane failure.

From the results, the following recommendations can
be made:
C Regular monitoring of pretreatment and RO mem-

brane systems in real time operation to predicate
fouling in early stages is required.

C Regular normalisation of permeate flow and salt
passage data to determine when chemical cleaning of
the RO membranes should be implemented. 

C Adjustment of seawater pH and the use of an effective
antiscalant is necessary.

C Regular flushing of RO membranes during plant shut-
down is required.
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7. Symbols

C — Concentration gradient = (Cfc!Cp), mg/l
Cp — Permeate concentration, mg/l
Cfa — Feed concentration, mg/l
Cfca — Actual log mean of feed–concentrate concen-

tration, mg/l
Cfcs — Standard log mean of feed–concentrate concen-

tration, mg/l
Js — Solute flux, m/h
Jw — Water flux, m3/m2.h
Ks — Salt permeability coefficient, m/h
Kw — Water permeability coefficient, m3/m2.hr.bar
NPF — Normalised permeate flow, m3/h
NDPa— Actual net driven pressure, bar
NDPs— Standard net driven pressure, bar
NSP — Percent normalised salt passage, %
P — Pressure gradient = (Pf+Pc/2), bar
Qpa — Actual permeate flow rate, m3/h
SPa — Actual percent salt passage, %
TCFa— Actual temperature correction factor
TCFs— Standard temperature correction factor
A — Osmotic pressure gradient = Afc!Ap, bar
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