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Seawater pretreatment by gravity-driven membrane (GDM) ﬁltration at 40 mbar has been investigated.
In this system, a beneﬁcial bioﬁlm develops on the membrane that helps to stabilize ﬂux. The effects of
membrane type, preﬁltration and system conﬁguration on stable ﬂux, bioﬁlm layer properties and dissolved carbon removal were studied. The results show that the use of ﬂat sheet PVDF membranes with
pore sizes of 0.22 and 0.45 mm in GDM ﬁltration achieved higher stabilized permeate ﬂuxes (7.3e8.4 L/
m2h) than that of ﬂat sheet PES 100 kD membranes and hollow ﬁbre PVDF 0.1 mm membranes. Pore
constriction and cake ﬁltration were identiﬁed as major membrane fouling mechanisms, but their
relative contributions varied with ﬁltration time for the various membranes. Compared to raw seawater,
preﬁltering of seawater with meshes at sizes of 10, 100 and 1000 mm decreased the permeate ﬂux, which
was attributed to removal of beneﬁcial eukaryotic populations. Optical coherence tomography (OCT)
showed that the porosity of the biofouling layer was more signiﬁcantly related with permeate ﬂux
development rather than its thickness and roughness. To increase the contact time between the bioﬁlm
and the dissolved organics, a hybrid bioﬁlm-submerged GDM reactor was evaluated, which displayed
signiﬁcantly higher permeate ﬂuxes than the submerged GDM reactor. Although integrating the bioﬁlm
reactor with the membrane system displayed better permeate quality than the GDM ﬁltration cells, it
could not effectively reduce dissolved organic substances in the seawater. This may be attributed to the
decomposition/degradation of solid organic substances in the feed and carbon ﬁxation by the bioﬁlm.
Further studies of the dynamic carbon balance are required.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Seawater reverse osmosis (SWRO) desalination as an alternative
supply of high-quality drinking water is receiving global attention.
However, compared to surface and groundwater RO processes,
SWRO requires much more energy (Pearce, 2008). The energy
consumption of RO membrane ﬁltration is associated with the osmotic pressure of the feed and the recovery (the ratio of product
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ﬂow and feed ﬂow). Thermodynamics dictate the minimum energy
for desalination, and major efforts have been made in SWRO to
approach this minimum. In the desalination process, additional
energy is required for intake, pretreatment, posttreatment, and
brine discharge stages. It has been noted that the energy demand
for pretreatment of raw seawater accounts for the majority of the
ancillary energy used (Elimelech and Phillip, 2011) and provides an
opportunity for meaningful reduction of the overall system energy.
The primary goal of seawater pretreatment is to remove particles and reduce organics in the seawater feed, which will cause less
fouling in the RO process. Although conventional pretreatment
processes (e.g., coagulation, dissolved air ﬂotation, and media
ﬁltration) have been widely used for SWRO due to their moderate
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energy consumption, they typically consume chemicals and produce quality of the treated seawater that often is not satisfactory.
This can lead to higher cleaning frequency and replacement of RO
membranes. In addition, stable RO operation may not be guaranteed with poor or variable quality seawater (Greenlee et al., 2009;
Pearce, 2008). The improved pretreatment achievable by low
pressure membranes has been recognized for some time (Pearce,
2008), and includes microﬁltration (MF) (Bae et al., 2011), ultraﬁltration (UF) (Huang et al., 2011), while even nanoﬁltration (NF) was
considered as a suitable pretreatment (Kaya et al., 2015). However,
these pressure-driven membrane ﬁltration processes also require
effective fouling control strategies (such as cross-ﬂow, backwashing, and/or air scouring etc.) (Akhondi et al., 2014), which
contribute signiﬁcant energy demand to the overall desalination
process (Knops et al., 2007).
Gravity-driven membrane ﬁltration (GDM), which was initially
developed as a low energy process to treat different surface waters
and diluted wastewaters (Derlon et al., 2013, 2012; Peter-Varbanets
et al., 2012, 2010, 2011, 2009), has also shown promise as a seawater
pre-treatment process with less energy and chemical cleaning
(Akhondi et al., 2015). In the GDM ﬁltration process, the feed is
under a gravity pressure of 40e100 mbar and is applied without
crossﬂow to the membranes. Over time a bioﬁlm develops on the
membrane that arrests further fouling and leads to a stabilized
permeate ﬂux. It has been shown that the bacterial community
utilizes the organic substances in the feed seawater for their growth
and augmentation to form biofouling layers on the membrane,
while the movement and predation behaviour of eukaryotic organisms in the biofouling layer produce an open and spatially
heterogeneous structure (Akhondi et al., 2015; Derlon et al., 2013,
2012; Klein et al., 2016). The GDM process consumes only about
3e10% of the energy used in conventional UF pretreatment
(Akhondi et al., 2015), however, its permeate ﬂux (3.6e7.3 L/m2h) is
almost an order of magnitude less than that of conventional UF
pretreatment (Xu et al., 2012). The trade-off lies in more membranes required to achieve the same productivity. Therefore, there
is an incentive to seek improvements in permeate ﬂux without
signiﬁcant added energy input and capital cost.
Our previous work on GDM ﬁltration of seawater (Akhondi et al.,
2015) showed the following: (i) higher temperatures improved
permeate ﬂux during GDM ﬁltration of seawater. This can be
attributed to lower viscosity, increased bacterial metabolism and
the presence of eukaryotic organisms that have greater predation
activity at higher temperatures, leading to the formation of more
porous biofouling layers. (ii) A higher hydrostatic pressure also
provides an increased permeate ﬂux thanks to the greater driving
force. However, this strategy is limited if the goal is to avoid
increased energy demand and capital cost. The inﬂuences of other
operating parameters on the permeate ﬂux of the GDM ﬁltration
process for seawater pretreatment have not been investigated to
date.
In this study, we focus on optimization of the GDM process by
assessing the productivity and permeate quality over a range of
operating conditions (such as membrane type and preﬁltration
strategy). To further improve permeate ﬂux and quality, we also
investigated a combined bioﬁlm reactor with a submerged GDM
ﬁltration system, in which bioﬁlm carriers facilitated the increase in
biovolume and retention time of organic substances. This study
provides key information for achieving sustainable operation of
GDM as seawater pretreatment.

2. Materials and methods
2.1. Raw seawater
Raw seawater was collected from the Tuas Spring Desalination
plant, Singapore. The pH, conductivity, dissolved oxygen of raw
seawater are given in Table 1.
2.2. Experimental setup and operating conditions
2.2.1. GDM ﬁltration cell system
The GDM ﬁltration cell setup was described previously (Akhondi
et al., 2015). In summary, the setup was located inside a dark
container and all ﬁltration cells, tubings, and tanks were covered by
aluminium foil in order to prevent algal growth. Feed seawater was
added to the storage tank periodically, and pumped to the feed
tank. The water level in the feed tank was kept constant by overﬂow, which was connected to the storage tank. The feed seawater
ﬂowed from the feed tank to membrane ﬁltration cells, which were
located 40 cm below the water level of the feed tank (i.e., a hydrostatic pressure of 40 mbar). The permeate of the ﬁltration cell
was collected using a plastic bottle and the weight of permeate was
measured using an electric balance (OHAUS, USA) on a daily basis.
The membrane ﬁltration cell comprised bottom and top parts. The
top had a glass window that allowed observation of the biofouling
layer morphology. Before the clean membranes were put in the
ﬁltration cell, they were soaked in distilled water for 24 h to remove
impurities.
The GDM ﬁltration cells were used to investigate the effects of
three different ﬂat-sheet membranes and one hollow ﬁbre membrane and different pre-treated seawaters on GDM ﬁltration performance. In the ﬁrst group of experiments, the four GDM ﬁltration
systems were operated with four types of membranes fed with raw
seawater. The membrane properties are listed in Table 1. The hollow
ﬁbre membranes had an internal diameter of 0.6 mm and external
diameter of 1.2 mm. The hollow ﬁbre membranes were horizontally
orientated and the operation mode was outside-in. In the second
group of experiments, three preﬁltration meshes with sizes of
10 mm, 100 mm, and 1000 mm were employed to pretreat the raw
seawater. For each preﬁltered seawater, two GDM ﬁltration experiments (ﬂat sheet PES membrane, 100 kD, Microdyn-Nadir, Germany) were performed in parallel. All the experiments were
performed at room temperature (23 ± 1  C).
2.2.2. Hybrid bioﬁlm-submerged GDM reactor
The hybrid bioﬁlm-submerged GDM ﬁltration system is illustrated in Fig. 1. Raw seawater in the feed tank was pumped to the
bioﬁlm reactor (3.6 L) ﬁlled with Kaldnes K3 bioﬁlter media (China).
The feed ﬂow rate was regulated according to the permeate ﬂow
rate, which ensured a total hydraulic retention time of ~40 h. The
efﬂuent from the bioﬁlm reactor was delivered to the GDM tank
(8 L) and the efﬂuent from the GDM tank was returned back to the
bioﬁlm reactor via a two-channel peristaltic pump (ColeeParmer,
US) at an average recirculation rate of 150 ml/min. The constant
efﬂuent level of the GDM tank ensured a hydrostatic pressure of
40 mbar. As a control, a submerged GDM reactor was operated
without a bioﬁlter column. Two sandwich type membrane modules
(PES, 100 kDa, Microdyn-Nadir, Germany, Figure S1), each with a
membrane area of 0.0198 m2 were submerged in the GDM tank and
the respective permeate was collected in a beaker. All the experiments were performed at room temperature (23 ± 1  C).
2.3. Analytical measurements
The dissolved organic carbon (DOC) of the raw seawater (after
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Table 1
The properties of the seawater and membranes used in this study.
pH

Conductivity (mS/cm)

DO (mg/L)

Raw seawatera

7.93 ± 0.16

47.44 ± 1.13

5.49 ± 1.24

Materials
Brand
Pore size
Area (m2)
Contact angle (º)b
Clean water ﬂux at 40 mbar (L/m2 h)

PES
Microdyn-Nadir
100 kD
0.0023
81 ± 3
27.3 ± 0.4

Hollow ﬁbre membrane

Flat sheet membrane
PVDF
Millipore
0.22 mm
0.0023
77 ± 1
227.1 ± 1.5

PVDF
Millipore
0.45 mm
0.0023
74 ± 2
679.2 ± 46.2

PVDF
GE
0.1 mm
0.0011
76 ± 2
795.0 ± 18.3

a
The pH and conductivity of the feed and permeate water were determined by a pH/conductivity metre (Mettler Toledo, Switerzland). The dissolved oxygen (DO) in the
feed tank was determined by a DO metre (YSI, USA).
b
The contact angle was measured by contact angle measurement systems (Dataphysics, Germany).

Fig. 1. Schematic diagram of the hybrid bioﬁlm-submerged GDM reactor.

being ﬁltered through a 0.45 mm hydrophilic ﬁlter) was monitored
using a TOC analyzer (Shimadzu, Japan). The total suspended solids
content (TSS) was measured according to Standard Methods
(APHA, 1998). Turbidity of the seawater was examined using a
turbidity metre (Hach, US).
Size-exclusion chromatography, in combination with organic
carbon and nitrogen detection (LC-OCD-OND) was used to quantify
the major soluble organic fractions with different sizes and chemical functions in the feed and permeate waters (after being ﬁltered
through a 0.45 mm hydrophilic ﬁlter) (Akhondi et al., 2015; Huber
et al., 2011). On-line puriﬁed mobile phase was delivered by an
HPLC pump (S-100, Knauer, Berlin, Germany) at a ﬂow rate of
1.1 mL/min to an autosampler (MLE, Dresden, Germany) and the
chromatographic column (TSK HW 50S, 3000 theoretical plates,
Toso, Japan). The ﬁrst detector after chromatographic separation
was a non-destructive, ﬁxed wavelength UV-detector (UVD
254 nm, type S-200, Knauer, Berlin, Germany) for analyzing organic
carbon. For nitrogen detection, a side stream was diverted after
UVD with a restricted ﬂow rate of 0.1 mL/min (back pressuredriven).
Assimilable organic carbon (AOC) measurement was performed
using ﬂow cytometry (BD Biosciences, US) as described by Hammes
et al. (Hammes et al., 2008; Hammes and Egli, 2005). The samples
were ﬁltered into 40 ml vials with PTFE covers (EPA ASM Vial Kit,
Thermo Scientiﬁc, USA) using a 0.22 mm ﬁlter (Millex GP, Millipore,

USA) and then sterilized in a water bath at 70  C for at least 30 min.
The sample was inoculated with raw seawater and incubated at
30  C. After 72 h, 1 ml of sample and 10 ml of 0.2 M EDTA (Kanto
Chemical, Japan) were mixed and incubated at 37  C for 10 min. The
sample was stained with 10 ml of SYBR green (Molecular Probes,
USA) that was diluted 100 times in dimethyl sulfoxide (SigmaeAldrich, USA). After incubation at 37  C for 20 min, the sample was
transferred to a ﬂat bottom well plate for ﬂow cytometry analysis.
The unstained sample was used as control. The results were processed using proprietary software (CSampler, BD, USA). Counts in a
deﬁned region of a density plot were converted to an AOC concentration according to the relationship (107 cell/mL equivalent to
1 mg AOC/mL) as described by Hammes and Egli (Hammes and Egli,
2005).
Transparent exopolymer particles (TEP) content was measured
using the method ﬁrst introduced by Passow and Alldredge
(Passow and Alldredge, 1995). In summary, the sample was ﬁltered
through a polycarbonate ﬁlter (Millipore, USA) with a pore size of
0.1 mm. The accumulated TEP on the membrane was subsequently
stained with 3 mL of 0.02% aqueous solution of alcian blue in 0.06%
acetic acid (AldricheSigma, USA). Then the membrane was washed
with distilled water to remove the excess dye. Six millilitre of 80%
H2SO4 solution (Honeywell, Korea) was used to remove the complex of TEP and alcian blue from the polycarbonate membrane and
to dissolve it for 2 h. The absorption of the solution was measured at
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a wavelength of 787 nm using a spectrometer (Hach, USA) and the
concentration of TEP was calculated based on a calibration with
gum xanthan (SigmaeAldrich, USA) as a standard.
2.4. OCT observation of biofouling layer morphology
An optical coherence tomography (OCT, Thorlab, US) was used
as a non-invasive approach to investigate the in situ biofouling layer
structure at the supramicronscale. After the experiment, the
ﬁltration cell was carefully removed from the system. OCT images
of the cross-sectional membrane and biofouling layer were
collected through the cover glass window of the ﬁltration cell. The
physical properties of the biofouling layer such as mean biofouling
layer thickness, absolute roughness and relative roughness were
calculated according to previously reported references (Akhondi
et al., 2015; Derlon et al., 2012). The porosity of the biofouling
layer was calculated according to the CarmaneKozeny equation
and Darcy's Law (Derlon et al., 2012; Katsouﬁdou et al., 2005):

Rbiofouling layer ¼

Rtotal ¼

75 ð1  εÞ2
H
2ε3 rp2

DP
mJ

Rtotal ¼ Rmembrane þ Rbiofouling layer þ Rirreversible

[1]

[2]

membranes in the GDM ﬁltration cells displayed a similar ﬂux
development proﬁle (Fig. 2). Speciﬁcally, a rapid drop in ﬂux during
the initial ﬁltration period was observed, followed by a slow
decline. Although the clean water ﬂuxes were signiﬁcantly different
(Table 1), their respective permeate ﬂuxes were relatively similar
when raw seawater had been ﬁltered for 10 days. A slight recovery
of permeate ﬂuxes was noticed after 20 days and stabilized
permeate ﬂuxes were achieved after about 40 days. Such a fourstage ﬂux development proﬁle was similar to the observations in
the previous study (Akhondi et al., 2015).
After Day 40, the ﬂuxes for ﬂat sheet PES with a pore size of 100
kD, ﬂat sheet PVDF with a pore size of 0.22 and 0.45 mm, and hollow
ﬁbre PVDF with a pore size of 0.1 mm stabilized at 4.5 ± 0.1, 8.4 ± 0.1,
7.3 ± 0.4, and 3.6 ± 0.3 (relatively not stable) L/m2h, respectively.
For the ﬂat sheet membranes tested, the two MF PVDF membranes
(0.22 and 0.45 mm) achieved comparable permeate ﬂuxes, which
were signiﬁcantly higher than UF PES membrane (100 kD). For the
MF PVDF membranes tested, the ﬂat sheet membranes (0.22 and
0.45 mm) had better ﬂux performance than the hollow ﬁbre
membrane (0.1 mm).
Hermia's model (Hermia, 1985) was employed to elucidate the
membrane fouling mechanisms in the dead-end GDM ﬁltration
cell, which was explained in detail in the previous study (Akhondi
et al., 2015). The experimental data in Fig. 2 have been tested with

[3]

Where ε (dimensionless) is the biofouling layer porosity, rp (m)
is the characteristic radius of the particles forming the cake layer, H
(m) corresponds to the thickness of the biofouling layer, DP (Pa) is
the transmembrane pressure (40 mbar in this study), m is the viscosity (Pa s) of the ﬁlterate, J is the stabilized ﬂux (L/m2 h, LMH),
Rtotal is the total resistance (m1), Rmembrane is resistance of the
pristine membrane, Rbiofouling layer is the biofouling layer resistance
and Rirreversible is the irreversible fouling resistance. In this study,
Rbiofouling layer was considered as 95% of (Rbiofouling layer þ Rirreversible)
(Derlon et al., 2012) and rp was 3 nm (Akhondi et al., 2015).
3. Results and discussion
3.1. Impact of different membranes on GDM performance
The performance of GDM ﬁltration using different membranes
was examined over an operation period of 55 days. All four types of

Fig. 2. Flux developments during GDM ﬁltration using different membranes.

Fig. 3. Experimentally determined t/V data plotted as a function of ﬁltration volume
(a) and ﬁltration time (b).

B. Wu et al. / Water Research 93 (2016) 133e140

the linearized forms of Hermia's model, in which the pore
constriction and cake ﬁltration models were found to describe the
experimental data the best (Fig. 3). Obviously, the membrane
fouling mechanisms for the four types of tested membranes were
relatively dissimilar. Throughout the duration of the experiment
with the UF PES membrane (100 kD), pore constriction and cake
ﬁltration were simultaneously predominant, similarly to the observations reported in our previous study (Akhondi et al., 2015). For
the MF membrane, pore constriction is more predominant during
the initial ﬁltration due to the relatively large pore size, while after
that, pore constriction and cake ﬁltration were simultaneously
predominant. In addition, Fig. 3 predicts that the permeability of
the hollow ﬁbre MF membrane would continue to decrease with
accumulated permeate volume (Fig. 3a) and ﬁltration time (Fig. 3b).
This implies that the hollow ﬁbre membrane may need more time
to achieve a stabilized ﬂux compared to the ﬂat sheet membrane.
The OCT images in Fig. 4 depict the biofouling layer morphology
for the four types of membranes at Day 55 and Table 2 summarizes
the characteristics of the biofouling layers. It is worth noting that
the biofouling layers on the ﬂat sheet PVDF microﬁltration membranes were obviously thicker and more porous than that on either
PES UF membrane or hollow ﬁbre PVDF membrane. However, the
biofouling layers formed on the PES membrane appeared to be
rougher than those on the PVDF MF membranes. Compared to the
MF membrane, the UF membrane tended to reject more organic
substances, which would have promoted bacterial growth and
theoretically led to more predation. This would result in higher
porosity and roughness of the biofouling layer (Akhondi et al., 2015;
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Derlon et al., 2013, 2012). However, the excess organic substances
could occupy the void spaces in the bioﬁlm matrix to increase the
biofouling layer compactness (i.e, less porosity). On the other hand,
the organic molecules having comparable sizes to UF membrane
pores could pass through MF membrane, but tended to block UF
membranes. It should be also noted that different membrane materials may display different adsorption capabilities of organics.
Thus, we propose that the combined effects of these complicated
phenomena determined the higher permeate ﬂux of the PVDF MF
membranes than that of the PES UF membrane.
The feed and permeate DOC (note: this means organic substances less than 0.45 mm) levels, monitored during the ﬂux stabilization period (day 40e55), are shown in Figure S2. The
permeate from the ﬂat sheet membrane (0.22 and 0.45 mm PVDF
and 100 kD PES membrane) had almost similar DOC content to that
of the raw seawater feed. However, the hollow ﬁbre membrane
produced the permeate with an increased DOC content. Several
mechanisms could explain the increase of DOC in the permeate.
First, as shown in Tables 3 and 5, the raw seawater contained
relatively large amounts of suspended solids (TSS: 39.67 mg/L;
Turbidity: 5.27 ± 2.88 NTU). These suspended solids will be
deposited on the membrane and become integrated into the
biofouling layer. Due to biological activity in the biofouling layer, a
portion of this deposited material can be hydrolysed or converted,
resulting in the formation of dissolved organic compounds, which
can permeate the membrane. Similar trends have been observed in
the GDM ﬁltration of creek water (Chomiak et al., 2014). The hydrolysis of suspended organic material within the bioﬁlm was

Fig. 4. Morphologies of biofouling layers on the different membranes in GDM ﬁltration cells (Day 55).
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Table 2
Characteristics of biofouling layer on the different membranes in GDM ﬁltration cells (Day 55).
Membrane type

Averaged thickness (mm)

Absolute roughness (mm)

Relative roughness (mm)

Calculated porosity (%)

Stable ﬂux (L/m2 h)

Flat sheet PES (100 kD)
Flat sheet PVDF (0.22 mm)
Flat sheet PVDF (0.45 mm)
Hollow ﬁbre PVDF (0.1 mm)

62
127
111
77

14
12
4
8

0.20
0.09
0.04
0.08

91.4
95.0
94.2
90.8

4.5
8.4
7.3
3.6a

a

Not stable.

suggested to lead to elevated DOC levels in the permeate. Another
possible explanation for the elevated DOC content is the carbon
ﬁxation activity within the microbial bioﬁlm. Although light was
excluded as far as possible, some diffuse light may have penetrated
the experimental setup, leading to carbon ﬁxation, transforming
carbon dioxide to organic substances and thus, contributing to
permeate DOC (Akhondi et al., 2015). Therefore, not surprisingly,
the permeate DOC was relatively close to or even higher than the
feed DOC.

3.2. Impact of preﬁltration on GDM performance
As discussed in Section 3.1, the suspended solids in the raw
seawater (Table 3) may contribute to permeate DOC by decomposition of suspended organics. By preﬁltering raw seawater through
various meshes, greater-sized suspended solids were expected to
be removed before it was fed to the GDM ﬁltration system. Whether
such preﬁltration could beneﬁt membrane performance and
permeate quality was tested in this study.
Table 3 shows that after preﬁltering raw seawater with meshes,
the TSS contents in the seawater dramatically decreased by 4e5
times. In addition, the preﬁltered seawater had less TSS when a
ﬁner mesh was used. The ﬂux developments during 55-day GDM
ﬁltration (Flat sheet PES membrane, 100 kD) fed with various
preﬁltered seawaters are presented in Figure S3 and the stabilized
ﬂuxes are presented in Table 3. Surprisingly, when the GDM was fed
with preﬁltered seawater, the stabilized permeate ﬂux dropped by
10e20% compared to that of GDM ﬁltration using raw seawater.
Although a smaller-sized mesh removed more particulate organic
substances, the stabilized permeate ﬂux was lower than that of
GDM using the greater-sized mesh, or no mesh. This ﬁnding agrees
with the observations of Derlon et al. (Derlon et al., 2013) using
GDM to treat raw and preﬁltered river waters.
The OCT images (Fig. 5 and Table 4) show that the biofouling
layer thickness was 32, 49, and 55 mm and roughness was 1, 10,
10 mm when GDM was fed with the preﬁltered seawater at a mesh
size of 10, 100, and 1000 mm respectively, which was thinner and of
lower roughness than that in the case of raw seawater (Fig. 4a and
Table 3). In addition, less porosity of the biofouling layer on the
membrane was noticed using the smaller-sized mesh as the preﬁlter compared to using greater-sized mesh or no mesh (Tables 2
and 4). Thus, the permeate ﬂux was more strongly correlated
with porous nature of the biofouling layer, rather than the TSS
concentration in the feed seawater or the bioﬁlm thickness and
roughness.

Previous studies have proven that the movement and predation
activity of the eukaryotic organisms led to the formation of heterogeneous and porous biofouling layer (Derlon et al., 2013, 2012).
The microscopic observation of biofouling layers on the membrane
fed with raw seawater (Figure S4) shows that some eukaryotic organisms had greater size from a few hundred microns to thousand
microns. When the seawater was preﬁltered, the eukaryotic organisms whose sizes were greater than the mesh size (Figure S4)
could be removed from the seawater. Therefore, the extent of
movements and predation behaviour by the eukaryotic organisms
would be reduced, and this would decrease the heterogeneous
nature of the biofouling layer, especially the porosity.
To further investigate transport and transmission of the dissolved organic substances, the compositions of dissolved organic
substances were analysed by LC-OCD in the feed and permeate as
summarized in Table S1. Similar to the ﬁndings in Section 3.1, the
permeate DOC was higher than the feed DOC. In the feed and
permeate seawater, low molecular weight substances were the
major DOC fraction, almost 1.6e1.8 and 2.3e2.6 times of the sum of
biopolymers, humic substances, and building blocks respectively.
Compared to the feed seawater, the permeate contained more
building blocks (300e500 Da) and low molecular weight neutrals
and acids (<350 Da), regardless of preﬁlter size.

3.3. Impact of integrated bioﬁlm reactor on submerged GDM
ﬁltration performance
Compared to the GDM ﬁltration cell, the submerged GDM
conﬁguration could be more suitable to practical application in
view of space requirements and easy installation and maintenance.
On the other hand, although the pretreated seawater by GDM
ﬁltration displayed a low RO membrane fouling potential according
to silt density index (SDI), modiﬁed fouling index (MFI), turbidity
and particles numbers (Akhondi et al., 2015), it should be noted that
the pretreated seawater contained more dissolved low molecular
weight organic substances than the raw seawater (Table S1).
Among these dissolved low molecular weight organic substances,
the readily biologically assimilable organic substances can promote
the growth of bioﬁlm on RO membranes, leading to RO membrane
biofouling (Naidu et al., 2013). Thus, further removal of these bioavailable low molecular weight substances in GDM ﬁltration processes is important. One possible approach is to extend the retention time of these bio-available low molecular weight substances
with additional bioﬁlms. Therefore, a hybrid bioﬁlm reactor with
the submerged GDM (Fig. 1, ﬂat sheet PES membrane, 100 kDa) was

Table 3
The performance of GDM after seawater preﬁltration with different meshes.
Raw seawater

Feed TSS (mg/L)
Stable ﬂux (L/m2 h)a
a

39.67
4.5 ± 0.1

After preﬁltration with mesh
Mesh size at 10 mm

Mesh size at 100 mm

Mesh size at 1000 mm

6.25
3.6 ± 0.8

7.65
3.9 ± 0.5

8.25
4.0 ± 0.2

The GDM ﬁltration was performed for 55 days. The GDM ﬂux presented here was the averaged value of the ﬂuxes during day 40e55.
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Fig. 5. Morphologies of biofouling layers in GDM ﬁltration cells fed with different preﬁltrated seawater at Day 55. (a) Mesh size at 10 mm; (b) Mesh size at 100 mm; (c) Mesh size at
1000 mm.

Table 4
Characteristics of biofouling layers in GDM ﬁltration cells fed with different preﬁltrated seawaters at Day 55.
After ﬁltration with mesh

Averaged thickness (mm)

Absolute roughness (mm)

Relative roughness (mm)

Calculated porosity (%)

Mesh size at 10 mm
Mesh size at 100 mm
Mesh size at 1000 mm

32
49
55

1
10
10

0.03
0.20
0.18

87.2
89.7
90.3

examined in this study.
As shown in Fig. 6, a rapid decline of ﬂux was observed in the
hybrid bioﬁlm-submerged GDM reactor until Day 10 and then
experienced periodical ﬂuctuations till the end of the operation.
Such a phenomenon was not observed in the experiments with a
ﬁltration cell alone in the previous study (Akhondi et al., 2015) or
this study. The hybrid bioﬁlm-submerged GDM reactor displayed a
varying ﬂux at ~5.7e8.6 L/m2 h, which was signiﬁcantly higher than
that of ﬁltration cell (~4.5 L/m2 h, Fig. 2). The ﬂux ﬂuctuation was
probably due to variation of raw seawater feeds.
Similar to the GDM ﬁltration cell, the hybrid bioﬁlm-GDM
reactor signiﬁcantly removed the suspended particles. For
example, the turbidity was reduced almost a factor 40 after ﬁltration (Table 5). In addition, 52% of TEP (i.e., >0.1 mm) in the raw
seawater was removed by the hybrid bioﬁlm-GDM reactor, among
which 15% was degraded by the bioﬁlm and 85% was rejected by
the membrane. Although the contents of the dissolved organic
carbon and major components in the raw seawater, reactor efﬂuent,
and permeate were comparably indifferent in the hybrid bioﬁlmGDM reactor (Table 5), the permeate quality in this reactor was

Table 5
Comparison of organic substances in feed, efﬂuent, and permeate in the hybrid
bioﬁlm-GDM reactor (n ¼ 7).
Raw seawater feed
Turbidity (NTU)
TEP (mg/L)
DOC (mg/L)
Biopolymers (mg/L)
Humic substances (mg/L)
Building blocks (mg/L)
LWM neutrals (mg/L)
LWM acids (mg/L)
AOC (mg/L)

5.27
1.44
2.34
0.08
0.48
0.20
1.48
n.q.
73

±
±
±
±
±
±
±

2.88
0.55
0.46
0.02
0.05
0.02
0.44

± 37

Efﬂuent
1.13
1.22
2.34
0.13
0.52
0.21
1.39
n.q.
203

±
±
±
±
±
±
±

0.44
0.19
0.51
0.04
0.05
0.04
0.45

± 55

Permeate
0.13
0.69
2.39
0.09
0.53
0.21
1.49
n.q.
98

±
±
±
±
±
±
±

0.04
0.19
0.72
0.02
0.03
0.02
0.76

± 43

n.q. ¼ not quantiﬁable (<1 ppb calculated).

much better than in the ﬁltration cells using preﬁltered seawater
(Table S1). This suggests that an increased hydraulic retention time
was beneﬁcial to improve the removal of the dissolved organic
substances during GDM ﬁltration.
Assimilable organic carbon (AOC) has been identiﬁed as an
advanced indicator for assessment of biofouling potential of the
seawater (Naidu et al., 2013). The efﬂuent of the hybrid bioﬁlmGDM reactor contained 203 ± 55 mg/L of AOC, which was signiﬁcantly higher than that in the raw seawater (73 ± 37 mg/L). Subsequently, the AOC was reduced by almost 50% in the GDM system
(98 ± 43 mg/L in the permeate). Unfortunately, the hybrid bioﬁlmGDM reactor under the operating conditions in this study could
not effectively remove AOC substances. A detailed study on the
degradation, transformation, and permeation of the total organic
substances (particulate and dissolved) in GDM ﬁltration is necessary in order to quantitatively describe the carbon balance of the
total organic substances and optimize conditions in the GDM process for subsequent seawater RO.
4. Conclusions

Fig. 6. Flux developments in the hybrid bioﬁlm-submerged GDM reactor.

In this study we investigated possible measures to optimize the
membrane performance and water quality from a GDM ﬁltration
system for the treatment of seawater as a pretreatment before RO.
The ﬂux development, permeate quality, and biofouling layer
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structure in the GDM process were examined. Flat sheet MF
membranes displayed better performance than either ﬂat sheet UF
membrane or hollow ﬁbre MF membranes. Preﬁltered seawater did
not improve permeate ﬂux of the GDM ﬁltration although organic
substances were partly removed. This was attributed to the formation of less porous biofouling layers because some eukaryotic
organisms were also removed by preﬁltration. A hybrid system
comprising a bioﬁlm reactor and a submerged GDM was evaluated.
The hybrid bioﬁlm-submerged GDM reactor signiﬁcantly improved
permeate ﬂux compared to the ﬁltration cells. However, GDM
ﬁltration could not reduce dissolved organic substances and
assimilable organic substances in the seawater, which was possibly
attributed to the decomposition of suspended organic material and
carbon ﬁxation by bioﬁlm. Further studies of the dynamic organic
carbon balance in GDM systems are necessary.
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