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The effect of salinity on the membrane fouling characteristics was investigated in the intermittently aerated membrane bioreactor
(IAMBR). Five different salinity loadings were set from 0 to 35 g⋅L−1 (referring to NaCl), respectively. The removal of total organic
carbon (TOC) and ammonia-nitrogen (NH4

+-N) was gradually decreased with increasing salinity. The variation of membrane
filtration resistance, particle size distribution (PSD), extracellular polymeric substances (EPS), soluble microbial products (SMP),
and relative hydrophobicity (RH) analysis revealed that salinity has a significant effect on sludge characteristics in IAMBR. The
results also indicated that the membrane fouling is often caused by the integration of sludge characteristics in saline wastewater.

1. Introduction

Recent years, with the rapid development of economy, pollu-
tions of water environment, and shortages of water resource
are becoming the most important problems for public health
[1]. In addition, the increasing environmental protection
requirements need new technologies to make a better efflu-
ent quality. Membrane bioreactor (MBR) where activated
sludge process is combined with membrane filtration has
been widely used for wastewater treatment and reuse. MBR
is able to provide small footprint, perfect effluent, higher
biodegradation efficiency, and less excess sludge, regarding
as an innovative and promising technology [2]. However,
membrane fouling, which reduces membrane permeability
and increases operational cost, is still the major obstacles
for the wider application of MBR in biological wastewater
treatment. It is extensively studied by focusing on fouling
factors, such as sludge characteristics, operational conditions,
feedwater characteristics, aeration, hydraulic conditions, and
membrane materials [3]. In general, complex membrane

foulants and sludge characteristics are assumed to be the
main cause of membrane fouling. Sludge characteristics are
direct affected by operating parameters, dissolved oxygen,
organic loading, salinity,and so on. The understanding of
inorganic fouling in saline wastewater is still not clear. Once
the inorganic scaling forms on the membrane surface, it
is difficult to be eliminated using chemical cleaning [4].
Therefore, more attention should be paid to membrane
fouling in saline wastewater.

Industrial wastewater, wastewater recycling, and seawater
utilization often lead to high salinity in discharged wastew-
ater. In general, effluent of many industries such as food
processing, leather, petroleum, dairy, and fish processing
often causes saline wastewater, which increased rapidly over
the last decades [5–7]. Furthermore, in areas lacking fresh
water, such as Hong Kong, seawater can be used for toilet
flushing in order to save freshwater, resulting in higher
salinity in wastewater treatment plant (WWTP) [8]. These
high salinity wastewaters often contain large amounts of
soluble inorganic salts combined with organic compounds.

Hindawi Publishing Corporation
Journal of Chemistry
Volume 2014, Article ID 765971, 7 pages
http://dx.doi.org/10.1155/2014/765971



2 Journal of Chemistry

For conventional activated sludge system, high salinity has
been shown to cause plasmolysis and loss of activity of cells
because of the unbalance of osmotic stress [9].

However, the MBR is considered as a promising tech-
nology to treat salinity wastewater, owing to higher biomass
concentration retained by membrane filtration and longer
sludge retention time. Several studies have recently reviewed
saline wastewater treatment using MBR. Jang et al. [10]
investigated the effect of salinity on the performance and
membrane fouling in MBR. The results showed a decreasing
of ammonia removal and significant changes of microbial
community composition. And then, the membrane fouling
increased with elevated salinity. Johir et al. [11] also showed a
poor performance at higher salinity (35 g⋅L−1).

It is known that a modification in biomass kinetics as
well as in sludge characteristics would be attained in MBR
treating saline wastewater, which can significantly influence
the development of membrane fouling. The SMP, EPS, PSD,
and so on were investigated by previous studies [12, 13]
trying to examine the relation between sludge characteristics
and membrane fouling in saline wastewater. Nevertheless,
it has not completely elucidated the variation of sludge
characteristics and membrane fouling at different salinities.

Therefore, an IAMBR was used to treat salinity wastew-
ater in this study, and the main aim of this study was to
investigate the system performance and variation of sludge
characteristics such as PSD, EPS, SMP, and RH at different
salinity.

2. Materials and Methods

2.1. IAMBR Setup and the Operation. As shown in Figure 1,
an intermittently aeratedmembrane bioreactor (IAMBR)was
operated to treat salinity contained municipal wastewater in
this study.The effective volume of the bioreactor was 8 L.The
IAMBR was equipped with two hollow fiber polyvinylidene
fluoride (PVDF) ultrafiltration (UF) membrane modules
(Litree Company, Suzhou, China) with a total surface area
of 0.12m2 and nominal pore size of 0.02 𝜇m. The outer and
inner diameters of the fibers were 1.45mm and 0.85mm,
respectively. Permeate was extracted by a peristaltic pump at
a permeate flux of 5 L⋅m−2⋅h−1 with mode of 10min filtration
and 2min rest. The transmembrane pressure (TMP) was
monitored by a vacuum meter (Weiken YN-60, Shanghai).
Intermittent aeration was supplied by air diffuser at the
bottom of the membrane module with the air blower switch
on/off. The air flow rate was 0.6m3⋅h−1 in order to provide
oxygen for biological treatment and to alleviate membrane
fouling and cake formation. The IAMBR was operated in
cycles of 3 hours: 1 hour anoxic reaction without aeration
and filtration (anoxic phase) and 2 hours aerobic reaction
membrane filtration (aerobic phase). At the beginning of the
anoxic phase, the synthetic wastewater was fed to the reactor
for about 10 minutes until water level reaching 8 L. The water
level was dropped until 6 L at the end of each cycle during
the filtration period. Therefore, the hydraulic retention time
(HRT) was 12 hours in the IAMBR.
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Figure 1: Schematic diagram of the bench-scale IAMBR.

During the acclimation period, five parallel IAMBRs
(acclimated reactors) were inoculated with activated sludge
obtained fromQuYangmunicipal wastewater treatment plant
(Shanghai, China). The IAMBRs fed with synthetic wastew-
ater comparable to domestic wastewater adding salinity
according to Xie et al. [14]. The main constituent of the
synthetic wastewater was shown in Table 1.The salinity levels
were expressed as the concentration of sodium chloride
(NaCl). The NaCl concentrations of five IAMBRs were 0,
5, 10, 15, 20, and 35 g⋅L−1, respectively. The salinity level in
each reactor gradually increased from 0 to 35 g⋅L−1 with
every 5 g⋅L−1. After the sludge was matured, it was taken to
other five small reactors (operated reactors), respectively.The
concentration of mixed liquor suspended solids (MLSS) in
each operated reactor was maintained at 5000 ± 210mg/L.
The HRT, SRT, aeration intensity, and so on were controlled
at the same operatingmode.The temperaturewasmaintained
at 25 ± 2∘C.

2.2. Analytical Methods. The influent and effluent were col-
lected daily from the five reactors. The total organic carbon
(TOC) was measured instead of chemical oxygen demand
(COD), because of the limitations of COD when measuring
the organic matter in wastewater samples with chlorides
higher than 2000mg⋅L−1. TOC was determined by a TOC
analyzer with autosampler (TOC V-CPN, Shimadzu, Japan).
The NH

4

+-N, MLVSS (mixed liquor volatile suspended
solid), andMLSS weremeasured according to Chinese NEPA
standard methods [15]. The transmembrane pressure (TMP)
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Table 1: The main constituent of the synthetic wastewater.

Main composition Glucose Corn starch Peptone NH4Cl KH2PO4

Concentration (mg⋅L−1) 250 250 28 133.75 30.8
Main composition MgSO4⋅7H2O MnSO4⋅7H2O FeSO4 CaCl2 NaHCO3

Concentration (mg⋅L−1) 9 6 0.3 8 120

Table 2: Variations and removal efficiencies of TOC in five IAMBRs of different salinity during steady operations.

Salinity (g⋅L−1) Influent (mg⋅L−1) Effluent (mg⋅L−1) Removal efficiency (100%)
0 106.6 ± 40.3 4.9 ± 1.9 95.3 ± 4.7

5 115.7 ± 16.9 4.8 ± 2.1 95.8 ± 1.6

10 110.9 ± 14.1 4.7 ± 1.3 95.7 ± 1.3

15 111.7 ± 20.9 9.4 ± 3.0 91.6 ± 1.6

20 112.8 ± 22.0 10.3 ± 3.6 90.9 ± 2.0

35 110.5 ± 19.4 18.3 ± 7.1 83.4 ± 3.6

was recorded with using a vacuum meter (YN-60, Shanghai
Weiken). Dehydrogenase activity (DHA)was estimated using
redox sensitive 2,3,5-triphenyltetrazolium chloride (TTC)
followed Reddy’s description [16].The DHAwas estimated by
mg TF per g MLSS and per hour.

2.3. Evaluation of Filtration Resistance. Membrane resistance
was characterized by the resistance-in-series model accord-
ing to Meng et al. [17] as follows:

𝑅

𝑡

= 𝑅

𝑚

+ 𝑅

𝑝

+ 𝑅

𝑐

=

ΔTMP
𝜇𝐽

, (1)

where 𝑅
𝑡

is the total membrane resistance (m−1), 𝑅
𝑚

is the
intrinsic resistance of the new membrane (m−1), 𝑅

𝑝

is the
pore blocking resistance (m−1), 𝑅

𝑐

is the cake resistance
(m−1), ΔTMP is the transmembrane pressure difference
(Pa), 𝜇 is permeate viscosity (Pa⋅s), and J is permeate flux
(m3⋅m−2⋅s−1). Total resistances were calculated from the flux,
the transmembrane pressure difference, and the viscosity.

2.4. PSD Analysis. The mixed liquor samples were collected
from the 5 different salinity operated reactors. The PSD was
analyzed using a laser granularity distribution analyzer (Eye
Tech Particle Size and Shape Analyzer, USA) with a detection
range of 0.1–3600 𝜇m.

2.5. EPS and SMP Analyses. EPS and SMP were extracted
from the mixed liquors in each operated reactor according
to the previous study [2]. Both the EPS and SMP concen-
trations were expressed by the carbohydrates and proteins.
The carbohydrates concentrations were determined by the
anthronemethodwith glucose as a standard, and the proteins
concentrations were measured using the bicinchoninic acid
assay (BCA) with bovine serum albumin as a standard. Both
the EPS and SMP analyses were performed in triplicate, and
the average value was calculated.

2.6. RH. The RH was measured as described previously
[18]. The mixed liquor samples from 5 operated reactors

were homogenized by sonication and then were separated
by hexadecane. The RH was quantified as the ratio of MLSS
concentration in the aqueous phase after emulsification
(MLSS

𝑒

) to the concentration of MLSS in the aqueous phase
before emulsification (MLSS

𝑖

):

RH = [1 − (
MLSS

𝑒

MLSS
𝑖

)] . (2)

Each sample was analyzed at least three times, and the
average valuewas calculated.The sludge sampleswerewashed
with distilled water in order to avoid the salt interference.

3. Results and Discussion

3.1. The Performance of IAMBR at Different Salinity. After
the activated sludge of 5 acclimated reactors was matured,
the steady stage was reached. The influent and effluent were
collected daily from each acclimated reactor for a long time
under the steady stage, and the TOC and NH

4

+-N were
measured (Tables 2 and 3). As is shown in Tables 2 and
3, the TOC removal showed a similar tendency as that
of NH

4

+-N at different salinity of acclimated reactors. In
view of the effluent quality, removal of TOC and NH

4

+-N
performed stably during the influent salinity increased from
0 to 10 g⋅L−1 with the removal efficiencies about 95% and
98%, respectively. When the salinity increased to 15 g⋅L−1 and
20 g⋅L−1, a decrease of TOC removal was detected, which
dropped to around 91%. In contrast to the decrease of TOC
removal, the NH

4

+-N removal efficiency was as high as 97%
at 15 g⋅L−1 salinity and then followed by notable decreases. By
increasing the salinity to 35 g⋅L−1, an even more prominent
reduction of the TOC and NH

4

+-N removal efficiencies was
encountered. The TOC and NH

4

+-N removal efficiencies
dropped to about 83% and 70%, respectively.

It is obvious that there is no significant influence of
salinity under 10 g⋅L−1 on system performance. The system
still showed a good removal at 15 and 20 g⋅L−1 while slightly
decrease was occurred. And then, a poor effluent quality
was observed at 35 g⋅L−1. This finding seems to indicate
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Table 3: Variations and removal efficiencies of NH
4

+-N in five IAMBRs of different salinity during steady operations.

Salinity (g⋅L−1) Influent (mg⋅L−1) Effluent (mg⋅L−1) Removal efficiency (100%)
0 32.05 ± 11.45 0.45 ± 1.03 98.58 ± 2.51

5 32.88 ± 7.06 0.59 ± 0.60 98.19 ± 2.08

10 32.39 ± 9.48 0.47 ± 0.61 98.50 ± 2.12

15 30.91 ± 4.54 0.77 ± 0.27 97.47 ± 0.91

20 32.11 ± 4.74 2.07 ± 1.11 93.48 ± 3.56

35 31.17 ± 6.49 9.31 ± 2.39 70.12 ± 2.79
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Figure 2: The variation of total membrane resistance at different
salinity.

that elevated salinity environment leads to slow the activity
of microorganisms in systems and consequently shows a
lower removal. The majority of microorganisms in systems
regarding as the conventional activated sludge always are the
nonhalophilic [19]. They are normally able to tolerate lower
salinity up to 10 g⋅L−1 without acclimation. Furthermore, the
acclimation of microorganisms can work for salinity up to
about 30 g⋅L−1. Nonetheless, when the salinity increased to
35 g⋅L−1, the higher osmotic stress would cause an outward
flow of intracellular water, leading to cell dehydration and
eventually plasmolysis and loss of activity of the cells for these
microorganisms [20].

3.2. Evaluation of Filtration Resistance. In order to determine
the membrane fouling, the filtration resistances at different
salinity were analyzed (Figure 2). As is shown in Figure 2,
the total membrane resistance increased gradually from 1.29
× 1011m−1 to 6.85 × 1011m−1 with the salinity increased
from 0 g⋅L−1 to 35 g⋅L−1. It also can be seen that there was
little increasing from 0 g⋅L−1 to 5 g⋅L−1 salinity, indicating
a favorable toleration of membrane fouling under 5 g⋅L−1
salinity. However, when the salinity continuously increased
to 35 g⋅L−1, the total membrane resistance showed a notable
increasing, aggravating membrane fouling.

This implies that salinity exerts a positive impact on
the membrane fouling. The membrane fouling is a complex
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Figure 3: The variation of PSD at different salinity.

phenomenon in an elevated salt environment, which might
be caused by inorganic fouling (main phenomenon is slat
scaling), organic fouling (main phenomenon is colloidal
fouling), biofouling, and their interactions. The higher salt
environment can cause scaling on membrane [21] and can
also aggravate colloidal fouling [22]. The deposition, growth,
and metabolism of bacteria cells or flocs always result in bio-
fouling. These findings can be reflected by sludge character-
istics, such as PSD, EPS, SMP, and RH. Therefore, the sludge
characteristics were further analyzed in this study to expand
our knowledge of relations between sludge characteristics
and membrane fouling.

3.3. Changes of PSD of Activated Sludge at Different Salin-
ity. Variation of PSD of mixed liquors at different salinity
IAMBRs is depicted in Figure 3. The mean particle size was
evaluated on the basis of number of particles. It is evident
that particle size decreased obviously along with increasing
salinity. The particle size dropped from 69.9 𝜇m to 55.95 𝜇m,
while the salinity increased from 0 to 35 g⋅L−1.

In contrast to the continuous increase of total membrane
resistance, the smaller particle size tended to result in higher
membrane fouling. This could be explained by the The
Carman-Kozeny equation (3) [23].

𝛼 =

180 × (1 − 𝜀)

𝜌

𝑝

𝑑

2

𝑝

𝜀

3

, (3)
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Figure 4:The variation of SMP (a) and EPS (b) at different salinity. The error bars show the standard deviation of the total concentrations in
both (a) and (b).

where 𝛼 is the specific cake resistance (m/Kg), 𝜀 is the cake
porosity, 𝑑

𝑝

is the particle size (m), and 𝜌
𝑝

is the particle
density (Kg/m3).

As can be clearly seen from (3), the specific resistance of
the cake layer is closely related to particle size. That is to say,
the smaller particles deposit on the membrane surface/in the
cake layer will cause greater specific resistance.The finding in
this study corroborated that a significant decrease in particle
size could intensify membrane fouling within the IAMBRs
system at increased salinity. The larger particles can enlarge
the void fraction of the cake [23] and then reduced the
specific cake resistance according to (3). Meanwhile, larger
particles cannot easily deposit onto the membrane surface at
a high cross flow velocity because of the high shear force.
On the contrary, the smaller particles can reduce the void
fraction and can be back transported less efficiently from the
membrane surface [23].

3.4. Effect of Salinity on EPS and SMP. Regarding the organic
foulants, the SMP and EPS are considered as the most
significant factor responsible for membrane fouling [24].
Both SMP and EPS are very heterogeneous and always
consist of carbohydrates, proteins, lipids, and nucleic acids.
In this study, the SMP and EPS normalized as the sum
of total carbohydrates and proteins because these are the
dominant components typically found in extracted SMP
and EPS. Figures 4(a) and 4(b) compare the SMP and EPS
concentrations at different salinity and show the average
concentration of SMP and EPS in each IAMBR based on
duplicate measurements.

As can be seen from Figure 4, the average concentra-
tions of SMP and EPS increased gradually with the salinity

increased from 0 to 20 g⋅L−1 and then followed by signif-
icant increase at 35 g⋅L−1 salinity. For SMP, carbohydrates
and proteins increased, when the salinity increased from 0
to 35 g⋅L−1 and from 1.32 and 1.19mg/gVSS to 38.25 and
36.19mg/gVSS, respectively. So is EPS.The carbohydrates and
proteins increased from 24.36 and 59.59mg/gVSS to 270.19
and 324.5mg/gVSS, respectively.

As compared to filtration resistance in Figure 2, it appears
that increasing SMP and EPS is more closely related to
membrane fouling. It is generally indicated that the SMP
and EPS are the dominating fouling agents resulting in
membrane pore blocking. Currently, more attention is paid
to SMP in mixed liquors which often affect the structure
and porosity of cake layer created on the membrane surface.
Figure 4(a) points that the concentrations of carbohydrates
in SMP are higher than these of proteins for all of 5 different
salinity IAMBRs. This implies carbohydrates were identified
as a majority component of SMP. The previous studies also
confirmed that the concentration of carbohydrates in the
mixed liquor played an important role in membrane fouling.
Figure 4(b) shows the similar increasing tendency as EPS.
However, the proteins exerted an adverse impact on the
membrane fouling, which is higher than carbohydrates. It
seems to assume that the excreted protein in mixed liquors
increased with decrease in microbial activity as salinity
elevated and the carbohydrate regarding as available carbon
declined.

Additionally, it has to be mentioned that the SMP and
EPS concentrations were significantly increased at 35 g⋅L−1
salinity due to the more biopolymers excreted by sludge
mixture.This could be in response to salt shock.Microorgan-
isms generally accelerate endogenous respiration [25, 26] and
secrete organic cellular constituents [27] at higher salinity,
meaning loss of activity. Furthermore, the poor removal
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efficiencies of TOC andNH
4

+-N at 35 g⋅L−1 salinity were thus
mainly attributable to the lower activity of microorganisms.

3.5. Variation of RH at Different Salinity. The RH is consid-
ered as one of the main factors to reflect the characteris-
tics of sludge mixture, which is measured as adherence to
hydrocarbons. It is assumed that hydrophobic interactions
and polymeric entanglement could enhance the sludge floc
fractions cohesion, tending to clog membrane.

The results of variation of RH at different salinity are
presented in Figure 5. It is obvious that theRH increased from
63% to 88% with the salinity increased from 0 to 20 g⋅L−1.
The result is in accordance with filtration resistance. The
higher RH could lead to intensify membrane fouling. These
observations are probably attributed to sludge characteristics
deteriorated following increased salinity [12], resulting in an
increase of the hydraulic resistance.

However, when the salinity increased to 35 g⋅L−1, the RH
dropped to 72%, quickly. This finding is incompatible with
that mentioned above. The most important effect of salinity
on membrane fouling in numerous research is not well
established. Particularly, the membrane fouling is probably
attributed to the interactions of sludge characteristics caused
by salinity. Only one factor cannot reflect the reason of higher
membrane fouling. The decrease of RH at higher salinity in
this study is postulated to the loss of sludge activity. Figure 6
shows the change of sludge activity. The DHA was used to
characterize sludge activity. It can be seen from Figure 6 that
the DHA dropped quickly when the salinity increased to
35 g⋅L−1, regarding as the loss of sludge activity. This result
probably leads to the poor performance of the TOC and
NH
4

+-N removal and the loss of sludge activity.

4. Conclusions

This study compared the performance and the sludge charac-
teristics in IAMBRs treating the different synthetic wastew-
ater from 0 to 35 g⋅L−1 salinity levels. The results of the
removal of TOC and NH

4

+-N showed a poor performance
at higher salinity. The sludge characteristics analysis showed
that filtration resistance, SMP, and EPS gradually increased
following the salinity increased from0 to 35 g⋅L−1. Differently,
the mean particle size of sludge mixture decreased with the
elevated salinity.TheRH increasedwith the salinity increased
from 0 to 20 g⋅L−1, while dropping quickly at 35 g⋅L−1 salinity,
indicating the loss of microbial activity. The membrane
fouling may be attributed to the interactions of the variation
of sludge characteristics caused by salinity. Therefore, the
further study should be paid more attention to expand our
knowledge of the relation between themembrane fouling and
sludge characteristics in salinity wastewater.
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