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ABSTRACT

Biofouling of reverse osmosis (RO) membranes is one of the most common problems in desa-
linations plants reducing the efficiency of the water production process. The characterization
of bacterial community composition from fouling layers as well as detailed analysis of sur-
rounding chemical environment might reveal process specific bacterial groups/species that
are involved in RO biofouling. In this study, advanced organics analytic methods (elemental
analysis, FTIR, and ICP-OES) were combined with high-throughput 16S rRNA (pyro)
sequencing to assess in parallel, the chemical properties and the active microbial community
composition of SWRO membranes from a pilot desalination plant (MFT, Tarragona) in Febru-
ary 2011 and July 2011. Prefiltered ultrafiltration. waters fed SWRO membranes during third
and fifth month of operation, respectively. SWRO samples were taken from three modules at
different positions (first, fourth, and sixth) in order to investigate the spatial changes in foul-
ing layers’ chemical and microbiological composition. The overall assessment of chemical
parameters revealed that fouling layers were mainly composed by bio and organic material
(proteins and lipids). Ca and Fe were found to be the most abundant elements having an
increasing concentration gradient according to the module position. Bacterial community
composition of SWRO membranes is mostly represented by the Gammaproteobacteria class
with interesting differences in genera/species spatial and temporal distribution. This preli-
minary result suggests that pretreatments and/or operational conditions might have selected
different bacterial groups more adapted to colonize SWRO membranes.
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1. Introduction

Seawater reverse osmosis (SWRO) fouling
phenomenon is complex and multifactorial. Apart from

inorganic and scaling problems it is known that
biofouling is the most common and detrimental kind
of fouling within the desalination process as it cannot
be avoided by conventional pretreatment procedures
[1]. Biofouling includes organic matter deposition and
microbial growth on the SWRO surface. Today some*Corresponding author.
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scientists are trying to tackle the SWRO biofouling phe-
nomenon by investigating its origin and development.
However, none have yet applied combined advanced
methods to better understand the interactions between
the composition of fouling layers and the diversity and
dynamics of living microbial community within it. It is
likely that the accumulation of certain organic com-
pounds would select certain microbes that would par-
ticipate in the fouling layer development more actively
than others and this hypothesis is investigated in this
paper. To better understand the biofouling process it is
important to compare at different time points the
microbial communities on the SWRO membranes and
also the eventual effect that module position might
exert over membrane bacterial community. We have
applied advanced analytical tools comprising elemen-
tal analysis, FTIR, and ICP-OES combined to next gen-
eration sequencing of 16S rRNA to assess in parallel,
the chemical properties and the microbial diversity of
SWRO membranes from a pilot desalination plant at
DOW facilities (MFT, Tarragona, Spain) in February
2011 and August 2011.

2. Methods

2.1. Samples and Site Description

The SWRO pilot unit, located in Tarragona- Spain,
has 6 inch RO (FILMTECe SW30XLE-4040) modules
with pretreatment setup comprising of Amiad filter 50
micron and ultrafiltration (DOW UFe SFP-2660). Each
reverse osmosis (RO) line consists of pressure vessels
with six elements in series. The seawater intake is
from the harbor of the city (Mediterranean Sea). A
10 km long pipe connects the intake with the desalina-
tion facility and it is provided with an Arkal ring filter
(250 micron). Average quality of the seawater entering
the unit was below 3 NTU of turbidity and below
10mg/L of TSS although peaks up to 15 NTU and
50mg/L have been punctually monitored. Feedwater
temperature ranged from 13 to 30 ˚C between the sam-
pling periods.

A total of six SWRO membranes were taken from
three modules at different positions (first, fourth, and
sixth) within the process line at two sampling periods
T1 (February 2011) and T2 (August 2011). FILMTECe
SWRO membranes were fed by prefiltered UF (0.03
micron) water. The membranes were in use for three
(T1) and five (T2) months.

2.2. Fouling load and chemical analysis

Foulant material was collected from the fouled
membrane sheets by physical scrapping. Dried foulant
material was obtained through lyophilization process.

Recovered foulant mass was weighed and mass per
area of the fouled membrane (fouling load) was
calculated.

2.2.1. Loss on ignition (LOI) test

Lyophilized foulant material samples were dehy-
drated overnight at 105 ˚C and then accurately
weighed quantities (10–30mg), taken in fused quartz
crucibles, were subjected to ignition at 550 ˚C in
muffle furnace for four hours. Percentage loss on
ignition was calculated in the following way [2].

% LOI ¼ WeightðDryÞ �Weightð@ 550 �CÞ=WeightðDryÞ

2.2.2. Elemental analysis

Accurately weighed amount of samples (15–20mg)
was digested with 1ml of trace metal analysis grade
HNO3, diluted to 20ml with ultrapure water. Clear
solution obtained after digestion and dilution was
analyzed with ICP-OES for concentration of inorganic
elements.

Flash 2000––Thermo Scientific CHNS/O Analyzer
was used for CHNS of predried and well powdered
foulant material following the US-EPA 440.0 analytical
method [3].

2.2.3. Fourier transform infra-red (FT-IR) spectroscopy

The IR spectrometer “Spectrum 100 FTIR” by Perk-
inElmer was used for analysis. Potassium bromide
(KBr) pellet method was used which involved the
mixing and grinding of approximately 200–300 lg of
dried sample with 100mg of KBr salt. Considerably
transparent and thin (about 0.5mm in thickness)
pellets were formed after submitting the mixture to
the press of 10 tons/in2. Each of the obtained spectra
was average of 20 scans at resolution of 1 cm�1 with
scanning range from 4,000–400 cm�1.

2.3. Microbial analysis

2.3.1. Nucleic acids extraction and next generation
sequencing and taxonomic classification analysis

DNA extraction, next generation sequencing, and
taxonomic classification analysis were performed by
the method and technique stated by Manes et al. [4].

Pyrosequencing of the total genomic DNA
extracted from water and membrane samples of this
study was obtained from the Research and Testing
Laboratory facility (TX, USA) as published by Dowd
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et al. (2008) [5] in a Roche 454 FLX Genome Sequen-
cer. Bacterial 16S rDNA was sequenced using primer
27F (5´-AGAGTTTGATCMTGGCTCAG-3´) and
reverse primer 519R 5´ GTNTTACNGCGGCKGCTG
targeting the V2-V3 variable regions. Sequence data-
set was preprocessed in RTL facilities in order to
reduce the noise and sequencing artifacts including
searching for chimeras and clustering according to
Dowd et al. (2008) [6].

Bacterial diversity of the remaining sequence data-
set (average >3,000 sequences per sample) was queried
against a database of high-quality 16S sequences
derived from NCBI (current version) and analyzed
statistically with the PAST software [7]. The beta
diversity of the sequence data-set was analyzed using
Bray Curtis algorithm taking into account operational
taxonomic unit abundances and distribution.

3. Results and discussion

3.1. Characterization of the fouling layer composition

3.1.1. Nature of the foulant material and elemental
analysis

T1 modules (operated for three months) presented
a lower fouling load; 0.01–0.38 g/m2 than the T2
modules (operated for five months); 0.01–0.77 g/m2.
Chemical analysis results showed similarity in the

fouling trend among the two sets of modules i.e. foul-
ing load was gradually decreased from the first mod-
ule to the sixth module position in both sets (Table 1).
For all samples, the foulant material was mainly com-
posed of organic matter and the proportion of organ-
ics in T1 and T2 modules also gradually decreased
from the first (92 and 89.17%, respectively) to sixth
module position (81.3 and 75%, respectively). The ele-
vated organic contents of all foulant samples indicated
that the pilot was subjected to organic fouling and/or
biofouling (Table 1). Furthermore, the nature of the
organic foulant material could be inferred by the C/N
and H/C ratio values. A relatively low C/N ratio
(6.5–7.9) was observed for all the studied samples and
this value was found to increase from the first to last
position module at both time points, T1 and T2
(Table 1). This result suggests that the foulant material
of the first module was richer in proteinaceous sub-
stances according to Meyers [8,9] which might be
originated from the microbial activity. The H/C
atomic ratio ranging from 1.52 to 1.77 for all samples
suggests a predominance of aromatic organic matter,
such as humic substances, in their foulant material
[10]. Hedges and collaborators have reported the C/H
ratios ranging from 1.21 to 1.57 in the marine dis-
solved humic substances [11]. Particularly, the pres-
ence of aromatic substances is more pronounced in
the foulant material of modules which is supposed to

Table 1
Comparative analysis of fouling profile of the two set of autopsies

Analysis Element Unit T1 T2

M1 M4 M6 M1 M4 M6

Fouling Load g/m2 0.38 0.043 0.013 0.774 0.052 0.014

Loss on Ignition LOI % 92.38 87.1 81.3 89.17 87.25 75.00

Residue 7.62 12.9 18.7 10.83 12.75 25.00

CHNS C Weight % 45.43 43.44 40.11 41.29 42.77 46.81

H 6.63 6.25 5.09 6.07 6.18 6.04

N 7.76 6.41 6.02 7.39 7.39 6.9

S 0.98 1.03 1.01 2.00 1.95 2.06

C/N Atomic ratio 6.85 7.90 7.77 6.51 6.75 7.91

H/C 1.73 1.72 1.52 1.77 1.73 1.56

ICP-OES Al mg/g 0.11 0.50 1.13 0.12 0.39 1.44

Ca 5.85 8.53 19.38 6.02 9.14 51.10

Fe 1.56 8.30 9.38 2.67 3.52 7.96

Mg 1.89 1.20 3.38 2.40 2.47 1.86

P 0.04 0.20 0.13 8.40 6.33 5.76

S 7.11 6.18 2.63 20.58 14.17 12.54

Si 5.52 4.33 2.88 0.12 0.65 1.69

946 C.-L. de O. Manes et al. / Desalination and Water Treatment 51 (2013) 944–949



be in the initial phase of the fouling layer formation
as T1M6 and T2M6 (H/C=1.52 and 1.56, respec-
tively). This is an indication of role of these aromatic
substances, e.g. humic substances, in the membrane
surface conditioning which is an initial step in the
biofouling phenomenon.

ICP-OES elemental analysis on the foulant material
of all samples revealed significant presence of multi-
valent cations i.e. Ca and Fe (Table 1), which are
known for their probable role in stabilizing the
organic substances through the mitigation of the elec-
trostatic repulsion among the negatively charged moi-
eties of these organics. The dominance of sulfur
especially in T2 samples might be attributed to sulfite
dosing employed at the pilot plant as a pretreatment
for dechlorination of water before RO inlet.

3.1.2. Organic matter characterization of foulant mate-
rials

Equal amount of samples was subjected to IR anal-
ysis and the intensities of the signals for organic mat-
ter of the foulant material of T1 membranes were
lower as compared to that of T2 membranes demon-
strating that more organic matter was accumulated on
T2 membranes (Fig. 1). Moreover, the intensities of
these signals within both sets of membranes were
observed to decrease from M1 to M6 foulant material,
which revealed that the fouling layer was compara-

tively less developed on the modules located after the
lead position, i.e. M4 and M6.

In the IR spectra, proteins were indicated by amide
A (N–H, 3,300 cm�1), amide I 1,652 cm�1 (N–C=O,
1,652), and amide II (N=C–O, 1,548 cm�1) signals. A
major band located near 1,050 cm�1 (C–O and C–O–C)
pointed the presence of sugars and a peak at
1,380 cm�1 revealed the amino sugars (CH3 of N-
acetyl group). The presence of lipids was suggested
by bands at 2,960 cm�1, 2,925 cm�1, and 2,850 cm�1

[12]. Additionally, a COOR band at 1,735 cm�1 and
CH2 band at 1,415 cm�1 also indicated the presence of
lipids [13]. The signal at 1,380 cm�1 is attributed to
amino sugars, the degradation product of bacterial cell
wall peptidoglycans. A sharp peak close to 1,380 cm�1

could be attributed to inorganic nitrates and/or ali-
phatic nitro compounds [12,14]. This peak was only
observed in the IR spectra of foulant material of T2
membranes. The band at 1,240 cm�1 is attributable to
the stretching vibration of phosphodiester backbone of
the nucleic acid indicating the presence of DNA/RNA
molecules [15].

3.2. Microbial diversity and dynamics

3.2.1. Temporal changes in SWRO membrane bacterial
community structure

To determine the bacterial diversity on the mem-
brane samples, high-throughput 16S rRNA gene
sequencing was performed. This analysis not only
allowed an evaluation of the identity of bacterial
groups present on the membranes at two time points
with a year on site but also could give clues as to the
differences in their spatial distribution within module
positions.

At T1, the most abundant affiliated phylotypes
belonged to the Proteobacteria followed by Bacteroide-
tes phyla. Members of Alphaproteobacteria and Gamma-
proteobacteria classes almost exclusively represented
the Proteobacteria phylum. Moreover, the different
phyla were fairly evenly distributed among the sam-
ples from modules one, four, and six (Fig. 2) and
diversity index was relatively low: Shannon-H=2,196
(M1), 2,126 (M4), and 1,874 (M6), respectively. A
clear community distribution shift could be seen at
T2. Although Proteobacteria phylum was the most
represented phylum from the three membranes, Bac-
teroidetes, Firmicutes and Planctomycetes phyla were
also represented and particularly for M1 at relatively
high abundances. Within, Proteobacteria, Alphaproteo-
bacteria and Betaproteobacteria were shown to be the
most commonly represented in M4 and M6 samples,
however, Gammaproteobacteria was the most abundant

Fig. 1. IR spectra of foulant materials from SWRO
membranes (M) located at different module positions in a
pilot desalination plant. T1, first autopsy time point during
February 2011; T2, second autopsy time point during
August 2011; 1–6 module positions within the pilot
process line.
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in M1. The highest diversity of phylotypes encoun-
tered on T2 samples is corroborated by an elevated
diversity index >3.6 (Shannon-H) measured for the
three of them (Fig. 2). It is likely that diversity
increases with SWRO membrane usage time and this
is consistent to a previously described bacterial
diversity analysis of SWRO membranes from a full-
scale desalination plant, where the membrane in use
for longer periods were more diverse than the ones
used for few weeks (Shannon-H=3.7 against 2.2,
respectively) [4].

Regarding the spatial distribution of phylotypes
among the modules at T1 and T2, it was observed that
the bacterial community structure of T1 membranes
was very alike whereas clear differences from M1 to
M4 and M6 were observed for T2 membranes. This is
an interesting observation, and to our knowledge, not
yet described. It might be possible that SWRO mem-
brane bacterial community structure at the first posi-
tion is the one that would change more often than
other ones due to water quality changing parameters.
This would work as a prefilter selecting some bacterial
groups for the other modules in the process line. The
direct link between the organic matter composition
and bacterial community composition remains to be
unraveled.
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