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Abstract

The influence of high salinity on the characteristics of the activated sludge and performance of a pilot-scale immersed membrane bioreactor
(iMBR) has been studied. The bioreactor was subjected to salinity shocks of up to 5 g/L, and the response with respect to membrane permeability
monitored. Key physical and chemical parameters were measured included mixed liquor suspended solids (MLSS), viscosity, capillary suction time
(CST), turbidity, and the soluble microbial product (SMP) and extracted extracellular polymeric substances (EPS) of the mixed liquor. The inter-
relationships between these parameters and the membrane permeability were then assessed. Results indicate that high salinity greatly affects the
physical and biochemical properties of activated sludge, increasing SMP and EPS concentrations, as well as decreasing membrane permeability.
Both SMP and EPS were correlated with physical parameters of the activated sludge such as particle size, CST and turbidity. Furthermore,
permeability was found to be negatively correlated with SMP carbohydrate at the two different flux rate imposed, corroborating previous reports

linking SMP carbohydrate to iMBR membrane fouling.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane bioreactors (MBRs), the combination of mem-
brane separation and the activated sludge process, are now
widely used in wastewater treatment, and their advantages are
well recognised [1]. Their performance is also known to be
limited by fouling, which constrains both operating flux and,
ultimately, membrane life [2] from colloidal/macromolecular
free and bound species derived from the biomass [3-5], respec-
tively referred to as soluble microbial products (SMP) and
extracelluar polymeric substances (EPS) [6]. These materials
include bacterially produced polymeric, lysis and hydrolysis
products [7], and comprise mainly polysaccharides, nucleic
acids, and proteins [8]. Their chemical composition and molecu-
lar weight depend on the feedwater composition, the physiology
of microorganisms, the nutritional status and the imposed envi-
ronment created by the biological system operation [9]. They are
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not only responsible for adhesion of aggregates to maintain the
floc structure but are also key membrane foulants in MBR sys-
tems [10-12], and have been the subject of many MBR fouling
studies [8,10,13-15].

High or changing salinity presents a challenge to biotreat-
ment processes in general when coastal sewers are subjected
to infiltration by seawater or when industrial effluents receive
discharges from individual high-salinity processes. In areas lack-
ing fresh water seawater may also be used for sewage flushing,
again imposing a saline shock load. Moderate to high salinities
are known to produce inhibitory or toxic effects on bacteria not
adapted to high salinity; high salt concentrations (>1%) have
been shown to cause plasmolysis and/or loss of activity of cells
[16-18]. Moreover, the microbial community is also altered
by salinity changes. Additionally, salinity significantly affects
the physical and biochemical properties of the activated sludge,
leading to changes in surface charge, hydrophobicity, filterabil-
ity, settlement and bioflocculation.

Whilst some studies have been conducted which have iden-
tified the onerous impacts of salinity shocks on conventional
biotreatment with reference to COD removal [19,20], none have
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Fig. 1. Pilot plant schematic diagram.

either characterised the organic matter arising in the increased
effluent COD levels or have concerned MBRs. In this study,
pilot scale trials were carried out to treat low-salinity wastew-
ater with an immersed membrane bioreactor (iMBR) and the
effect of shock-loads of saline wastewater on both the charac-
teristics of the activated sludge and performance of the iMBR
observed. Key physical and chemical parameters such as mixed
liquor suspended solids (MLSS), viscosity, capillary suction
time (CST), turbidity, and SMP and EPS concentrations of the
activated sludge were examined. The interaction and correla-
tion between those parameters were studied, along with their
possible correlation with both salinity shocking and membrane
fouling.

2. Materials and methods
2.1. MBR system description

Experiments were conducted on a pilot scale aerobic iMBR
(Fig. 1) fed with municipal sewage. The iMBR system consisted
of seven flat pate Kubota membrane panels placed in the centre
of the bioreactor with a working volume of 3.2m3. The mem-
brane was of chlorinated polyethylene, and the seven panels
provided a total filtration area of 5.6 m>. A pressure transducer
was installed to monitor the pressure loss across the membrane.
The liquid level in the membrane tank was maintained by a bell-
mouth which provided the recycle back to the anoxic tank and
this hydraulic head provided the gravity pressure to push the
permeate through the membranes. Another bellmouth situated
higher in the membrane tank provided an emergency overflow
which discharged into the inlet sump.

Trials were performed at Trowbridge Sewage Treatment
Works at two different fluxes. The seeding activated sludge was
collected from another larger iMBR on the same site. Prior to
saltwater simulations trials, the pilot plant was first operated for a
number of months to establish steady state. The iMBR was oper-
ated with air scouring (“relaxation”) for 30 min every 24 h, the
membrane aeration rate being 5.5 Nm?3/h (i.e.0.79 Nm? h~! m—2

membrane area). The solids retention time (SRT) was fixed at
64 days, and the hydraulic retention time (HRT) was 72 h for the
8Lm~2h~! trial and 36h for the 16 Lm~2h~! trial. The ini-
tial MLSS level was ~9000 mg L~!, and during the trials it was
maintained at ~17,000mgL~!. The average chemical oxygen
demand (COD), chloride (C1™) and ammonia (NH3—N) influent
concentrations were 1084, 348 and 32 mg L ™!, respectively. The
mean pH was 7.24, and the dissolved oxygen (DO) concentration
ranged between 1 and 3mg L~

Salinity was introduced by dosing the bioreactor directly with
a 30 gL ™! NaCl solution over a period of 10 min. The response
was noted with respect to mixed liquor conductivity, pressure
and flow, and thus permeability.

2.2. Analytical methods

2.2.1. Analysis of SMP and EPS in mixed liquor

SMP and EPS were extracted by heat treatment [21,22] and
the extracted solution analysed for total proteins and carbohy-
drate, the dominant components typically found in SMP and
EPS [6,23]. Carbohydrate was determined according to the
phenol-sulphuric acid method using glucose as the standard [3].
Protein was determined by the Folin method using bovine serum
albumin as the standard [24].

2.2.2. Analysis of other parameters

CST was measured by a conventional CST instrument as
detailed in Standard Methods with a Whatman No. 17 chro-
matography grade paper [25]. The apparent viscosity was
determined using a rotational viscosity meter (Model LVDVII,
Brookfield, England) [26]. Turbidity was determined by a Hach
2100P Turbidmeter, and COD, MLSS and NH3—N were anal-
ysed according to Standard Methods [25].

2.3. Statistical analysis

Statistical analysis was performed to identify major deter-
mining factors by univariate linear correlation analysis. Whilst
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Fig. 2. Permeability during saltwater addition at a flux of SLm~2h~".

many relations are unlikely to be linear, analysis by means of
linear correlations represents a simple way to identify significant
correlations. It is also important to note that some parameters are
not independent. The Pearson’s product momentum correlation
coefficient (r,) was used for linear estimations of the strength
and direction of linear correlations between two parameters. The
Pearson’s coefficient (rp) is always between —1 and +1, where
—1 indicates a perfect negative correlation, +1 a perfect pos-
itive correlation and 0 no correlation. The statistical analyses
were performed with the software Statistica (Statsoft, Tulsa, OK,
USA).

3. Results and discussion
3.1. Overall performance of the iMBR

Fig. 2 shows the profiles of permeability and chloride level
for the iMBR at a flux of 8L m~2h~!. On introducing salin-
ity the chloride level increased to a peak of ~4 g L~! after 20 h
before gradually returning to the initial background level after 5
days. The average permeability decreased immediately follow-
ing the salt shock, falling from 850 to 725 L m~2h~! bar~! over
22h of operation and giving an average permeability decline
rate of 5.8 L m~2h~2bar~!. The permeability eventually sta-
bilised, appearing to recover from a minimum of ~700 at 4-5
days to ~750 Lm~2 h~! bar~! after 9 days and remaining at this
level for the next 3 weeks of operation. Noticeable permeabil-
ity recovery arose following relaxation. Profiles of permeability
and chloride level at flux of 16Lm—2h~! (Fig. 3) were similar
to those attained at the lower flux. In this case, however, no per-
meability recovery took place, the permeability declining from
~770 to 650 Lm~2h~! bar~! following salinity shocking.

COD and NH3—N removal values are shown in Table 1 with
reference to average feedwater concentration values for COD,
chloride and ammonia of 1084, 348 and 32 mg L1, respectively,
for trials operated at fluxes of 8 and 16Lm~2h~!. Consis-
tent COD and NH3—N removal of ~99% were recorded under
steady state conditions. Following salt addition COD removal
was affected immediately and took around one week to recover,
whereas nitrification was less profoundly affected. This would
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Fig. 3. Permeability during saltwater addition at a flux of 16Lm~2h~"!,

appear to be in keeping with previously reported observations
of inhibitory effects of salt shocking on BOD or COD removal
[17,27-29], and adverse effects have also been reported on floc-
culation and sludge settleability [27]. Kincannon and Gaudy [28]
studied the effects of shock and continuous salt loadings on the
batch and continuous flow activated sludge systems and con-
cluded that high salinity shocks caused a drastic decrease in the
substrate removal efficiency, but that acclimatisation restored
this capability. Burnett [30] studied the impact of intermittently
introduced highly saline sewage on the activated sludge process.
Results indicated that after an initial lag period the microbial
population was able to adapt to the high salinity environment
and the floc formation was not inhibited. In the current study, the
iMBR performance displayed similar tendency to those reported
previously for high-salinity media [28,30]. Delayed nitrification
inhibition has also been previously reported [27], but the effect
recorded in the current study is less pronounced than that on
COD removal.

3.2. SMP and EPS in the mixed liquor

The carbohydrate and protein content of the SMP and EPS
were measured prior to and following chloride addition at 8
and 16 Lm~2h~!. Their concentrations were found to increase
rapidly at low salinities (0-1gL~! NaCl), with rather less
change between 1 and 4 gL~! salt concentration (Table 2 and
Figs. 4-7). On a temporal basis the concentration values ini-
tially increased, reaching the maximum values on day 2, before
gradually returning to the background concentration by day 6.
Generally, the content of carbohydrate was higher than that of
protein in both SMP (Fig. 5) and EPS (Fig. 7), with greater
changes at lower flux values (and thus longer HRTs).

Table 1
Mean COD and ammonia removal efficiencies before and after chloride addition

Removal efficiency (%)

Steady state 8h 24h 1 week
COD 99 95 88 98
NH3;-N 99 99 95 98
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Table 2
Average fraction of SMP and EPS at high and low chloride levels

Fraction Flux (Lm~2h~!) Average concentration
Low chloride High chloride
level level

EPS (gkg~! MLSS)

Protei 8 41.28 49.20

rotein 16 37.54 46.06
8 45.43 112.54

Carbohydrate 16 54.68 88.84

SMP (gL~ ")

Protei 8 6.71 38.90

rotein 16 10.84 22.98

8 18.22 40.61

Carbohydrate 16 31.65 4478
70

o Carbohydrate

60 1 * Protein

SMP fraction (g.L™")
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Chloride (g.L™"

Fig. 4. The variations of SMP fractions with chloride level at SLm~2h~".

SMP and EPS chemical composition are known to be highly
variable and dependent upon, amongst other things, microbial
diversity and physiology. The published literature generally indi-
cates that microorganisms respond to a salt shock by aggregation
of the individual cells [20,31] and acceleration of endogenous
respiration [28,32], accompanied by the release of organic cel-
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Fig. 5. The variations of SMP fraction with time at 16 Lm~2h~!,

140 3
130 - o Carbohydrate

1203 |  Protein
1103 o
1003
90 3
80 3
703
60 3
50 3
403
303
20
10

0 1 2

Chloride (g.L™"

EPS fraction (g.kg"'SS)

Fig. 6. The variations of EPS fraction with chloride at L m~2h~".

lular constituents (such as SMP and EPS) by secretion and cells
autolysis. Whilst no significant impact of salinity shocking on
particle size distribution was noted in the current study, the
impact on SMP and EPS was palpable, suggesting that phys-
iological impacts on microorganisms took place.

The higher carbohydrate than protein levels are in keeping
with a previous report based on the same extraction method
[22], where levels also gradually reverted to the pre-shock levels
when the salinity was reduced. On the other hand, there is a lin-
ear relationship between EPS protein and carbohydrate (Fig. 8),
possibly consistent with the release of cellular constituents under
salinity shock conditions. No correlation between the SMP and
EPS protein fraction levels was observed in the current study,
indicating that salt shocking does not appear to have any signif-
icant impact on the distribution of bound and unbound protein.
This may reflect that the solids hydrophobicity is unchanged by
salt shocking, though this would be counter-intuitive.

3.3. CST correlations

Since salinity apparently affects sludge settlement, filterabil-
ity and dewaterability [18,20,28,30], it may also be expected
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Fig. 7. The variations of the EPS fractions at the two flux values.
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Fig. 8. Protein vs. carbohydrate fraction of EPS.

to influence capillary suction time (CST). CST was found to
be highly correlated with MLSS (Fig. 9). CSTn, the CST nor-
malised against solids concentration, did not correlate with chlo-
ride concentration and increased only marginally with EPS pro-
tein (Fig. 10, r, =0.67), SMP carbohydrate (Fig. 11, r, =0.66)
and MLSS (r,=0.60). These results would appear to sug-
gest that, in this case, neither the carbohydrate nor the pro-
tein levels are a good indicator of sludge filterability. It is
important to note, however, that CSTn does not necessarily
correlate directly with fouling, particularly long-term fouling
which may more reasonably be associated with colloidal matter

(1].
3.4. SMP, EPS and turbidity

Turbidity provides an indication of the level of colloid
material and residual suspended matter. SMP turbidity cor-
related positively with chloride level (Fig. 12, r,=0.87 and
SMP carbohydrate (r,=0.81); EPS turbidity also positively
correlated with EPS protein (Fig. 13, r, =0.74), but not with
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EPS carbohydrate. This is mainly due to the combined impacts
of “salting-in” and protein effects. At low salt concentration
ions are known to bind electrostatically to charged groups on
a protein macromolecule, carrying hydration water with them

SMP turbidity (NTU)

0 1 2 3 4 5
Chloride (g.I'")

Fig. 12. The change of SMP turbidity with chloride level.
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into the vicinity of the protein and causing the “salting-in”
effect [33]. This increases the protein solubility. On the other
hand, protein has been shown to increase the floc negative
surface charge [33], leading to strong electrostatic repulsive
force between flocs. In such cases, flocs with high negative
surface charge were found to be lower in mechanical strength,
tending to disintegrate and so release colloidal material.

3.5. MLSS, viscosity, SMP and permeability

As seen in Table 1 and Figs. 14 and 15, permeability was
loosely negatively correlated with MLSS (r, = —0.54), but more
strongly with sludge viscosity (r, =—0.76). However no clear
correlation of permeability with MLSS was evident from the
data from this study. The carbohydrate portion of the SMP
weakly correlated with permeability for the two sets of flux data
(Fig. 16).

Carbohydrate constituents are present at generally higher
molecular weights, and also wider molecular weight distribu-
tions, than the proteinacious materials. Previous studies have
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Fig. 14. The change of permeability with MLSS.
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shown the important relationship between MBR fouling and the
sludge carbohydrate fraction [8,34—36]. Moreover, high molec-
ular weight carbohydrates can promote the formation of “sticky”
hydrogels membrane surfaces [35,36]. Since membranes are
exposed directly to SMP in the bulk phase this fraction that
would be expected to have a greater influence on membrane
fouling than the EPS fraction. The negative correlation between
permeability and SMP carbohydrate is thus consistent both with
expectations and previously reported trends.

4. Conclusions

This study investigated the characteristics of activated sludge
and membrane permeability in a system exposed to rapid
changes in salinity (or “salt shocking”). The study revealed salt
shock to significantly affect physical and biochemical proper-
ties of activated sludge, which then impacted upon membrane
permeability. The following specific conclusions can be drawn:

1. High salinity has an initially negative influence both on mem-
brane permeability and COD and NH3—-N removals. When
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the salt is removed the membrane permeability stabilises and
COD and NH3-N removal efficiencies are restored.

2. A salt shock results in increased SMP and EPS concentra-
tions. Both carbohydrate and protein levels in both EPS and
SMP rise with increased salinity, the EPS carbohydrate frac-
tion increasing more than EPS protein. Following a reduction
in salinity both parameters eventually returned to their orig-
inal levels.

3. A negative correlation was observed between permeability
and SMP carbohydrate at different flux rates, corroborating
previous reports which have identified SMP carbohydrate as
playing a key role in membrane fouling.

The study thus reveals that effluents which are subject to
salinity shocks over the range of that studied (0.1-4 g L~!) are
likely to be more challenging to an iMBR than those where
salinity levels are readily stable, even at the modest fluxes stud-
ies (8 and 16L m~2h~1). Coastal-based installations suffering
seawater intrusion and those treating certain industrial effluents
may therefore benefit from the use of buffer tanks, or possibly
pre-sedimentation which would have the additional benefit of
reducing the organic load on the iMBR. Further work is needed
to elucidate the precise mechanism by which salinity-promoted
fouling takes place.
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