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ABSTRACT

Even though reverse osmosis (RO) technologies are widely used for sustainable water reclamation, the control of concentrates containing a high concentration of dissolved matters
originated from feed water should be considered. The effect of variations in salinity on biological wastewater treatment processes has to be evaluated for combined treatment with RO
concentrate in sewage treatment plants. As a preliminary study, the effect of adaptation of
seeding sludge on RO concentrate treatment was evaluated. The reactor inoculated by unadapted sludge had a significant inhibition on organic and ammonia removal. Especially,
ammonia removal was completely inhibited and removal efficiency was maintained below
20% during 30 d of operation. However, the removal efficiencies gradually increased with
operation time, and it reached a similar performance to adapted sludge in 40 d of operation.
For a more quantitative study on a microbial adaptation strategy for variations on salt concentration (0–20 g/L), lab-scale membrane bioreactors (7L working volume) with polypropylene hollow fiber membrane module (pore size 0.4 μm) were used with different adaptation
strategies: instant and stepwise mode. The performance of the reactor deteriorated with an
increasing salt concentration, but it recovered after adaptation periods (30–70 d). Moreover,
the inhibition effect of salt could be minimized by a gradual increase in salt concentration.
Analysis results for polymerase chain reaction-denaturing gradient gel electrophoresis
indicated that nitrifiers were still present in high salinity. These results confirmed that an
appropriate adaptation strategy should be determined for RO concentrate treatment.
Keywords: Concentrate treatment; Membrane bioreactor; Microbial adaptation; Salinity

1. Introduction
High-pressure membrane processes, e.g. reverse
osmosis, have been widely used in water reclamation
*Corresponding author.

and desalination, which offers attractive solutions for
water scarcity. These processes allow separation of a
solution into two streams: permeate, containing the
purified water that passes through the membrane, and
concentrate, the retained portion that contains dissolved matter originated from feed water such as Na+
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and Cl− ions, organics, etc. The nature of such concentrates, therefore, requires options for environmentally
friendly management [1].
In recent year, several physical and chemical processes for RO concentrate management extensively
studied include advanced oxidation process, evaporation, and crystallization [2]. However, these processes
are generally energy consuming and their operating
costs are relatively high. The most common RO
concentrate management methods are direct surface
water discharge and discharge to a sewage treatment
plant [3]. Since RO concentrate contains contaminants
from the source water in higher total dissolved solids
(TDS) concentrations, the high salinity often causes
severe concern about the receiving water. In sewer
discharge, the impacts of salinity on the wastewater
treatment processes have to be evaluated prior to discharge because the high salinity causes a negative
impact on biological wastewater treatment processes
[4–6].
To minimize the negative effect of salt, acclimation
of microbes on high salinity has been investigated. Ng
et al. [7] were able to treat synthetic wastewater in a
sequencing batch reactor (SBR) up to 60 g NaCl/L
using acclimated biomass. Yogalakshmi and Joseph [8]
also studied the effect of NaCl shock load in a membrane bioreactor (MBR), and MBR regained its stability
after certain recovery periods. Even though the introduced halophilic bacteria are one of the best approaches
to increasing the reactor performance in saline conditions [9], sometimes it is difficult to use it for full-scale
application. Therefore, it is important to develop an
adequate adaptation strategy for saline wastewater
treatment in place.
Prior to applying RO concentrate to a wastewater
treatment plant (WWTP), the possibility of microbial
acclimation on the saline condition should be evaluated. We evaluated the possibility of microbial acclimation and suggest a suitable adaptation strategy on
saline conditions. As a preliminary study, we investigated the effect of microbial adaptation by an SBR
operated with real RO concentrate obtained from
water reuse pilot plant. Based on the preliminary
study, we conducted a more quantitative experiment.
Using parallel operation of MBRs, we evaluated the
effect of the microbial adaptation strategy and developed a suitable adaptation strategy.

2. Methods
2.1. Description of a pilot plant for water reclamation
This study was carried out in the Yongyeon
WWTP located in the Ulsan industrial complex in

Korea. Industrial wastewater and domestic wastewater
were combined and treated. An advanced biological
nutrient removal process is adapted and the total
capacity is 250,000 m3/d. The reuse pilot plant was
designed based on the short-term field test [10]. The
suitable treatment process for water reuse was determined as coagulation, ultrafiltration (UF), and RO processes. The pilot plant had the total treatment capacity
of 72 m3/d, and it was operated for 1 year. Specific
operation conditions were applied as 16 mg Al2O3/L
for coagulation, 1 m/d for UF, and recovery of 75%
for RO based on the previous study [10].
2.2. Preliminary test on the effect of microbial adaptation
for concentrate treatment
As a preliminary test for microbial adaptation for
saline wastewater, the RO concentrate from pilot plant
was applied for SBRs inoculated by different activated
sludges taken from different WWTPs. The volume of
the reactor was 4 L and one cycle consisted of feeding
(30 min), aeration (180 min), settling (15 min), and
decanting (15 min). The mixed liquor suspended solid
(MLSS), hydraulic retention time (HRT), and solid
retention time (SRT) were set as 3,000 mg/L, 8 h, and
30 d, respectively, which were similar to the operation
conditions of the WWTP.
To verify the effect of microbial adaptation, two
SBRs (SBR 1 and 3) were inoculated with seeding
sludge taken from the same WWTP (adapted sludge
with high salinity and industrial wastewater,
Yongyeon WWTP), and another (SBR 2) was inoculated by seeding sludge taken from a different WWTP
that treats domestic wastewater only (unadapted
sludge, Daejeon WWTP). Advanced nutrient removal
processes are adapted to the both WWTPs. The influent TDS concentration showed significant difference
depending on regional condition of WWTPs such as
3.17 and 0.46 g/L for Yongyeon WWTP and Daejeon
WWTP, respectively. Therefore, it was expected that
the SBR 1 and 3 would have faster adaptation toward
saline wastewater.
Moreover, SBRs were fed with different influent
conditions to evaluate the possibility of sewer discharge of RO concentrate. One reactor (adapted
sludge; SBR 3) was fed with raw wastewater only,
and the others (SBR 1 and 2) were fed with a mixture
of concentrate and raw wastewater based on a mass
balance when the whole of the concentrate is assumed
to be discharged to sewers. The scheme of reuse plant
was designed to have 100,000 m3/d of reclaimed
water production with 75% of recovery rate. Table 1
shows the characteristics of raw wastewater, concentrate, and the mixture of these fed to SBRs.
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Table 1
Influent characteristics of SBRs
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pH
SS [mg/L]
CODMn [mg/L]
NHþ
4 -N [mg/L]
TDS (g/L)

WWTP Influent (SBR 3)

Concentrate

Influent + concentrate (SBR 1 and 2)

7.70
89.6
36.1
35.1
3.17

7.06
24.8
31.7
10.7

7.68
84.7
32.2
38.2
4.39

2.3. Development of a microbial adaptation strategy for
saline wastewater by MBRs

2.4. Development of a microbial adaptation strategy for
saline wastewater by MBRs

For the intensive study on the microbial adaptation
strategy, lab-scale submerged MBRs (7 L) equipped
with a hollow fiber membrane module (polypropylene, 0.1 m2, 0.4 μm) were used. The activated sludge
which was acclimated for 30 d with synthetic substrate was inoculated. The SRT and HRT were kept
constant at 50 d and 18 h (corresponding to an operational flux of 3.5 LMH). Synthetic wastewater having a
COD of 1,200 mg/L (C:N:P = 100:10:2) was supplied
to the bioreactor. The detail characteristics of synthetic
wastewater are presented in Table 2.
For adjustment of salt concentration, NaCl
(0–20 g/L) was introduced to the influent of the
MBRs. Two types of adaptation strategies–instant
shock and stepwise mode–were used to investigate
the microbial adaptation during saline wastewater
treatment. Removal efficiencies of DOC and ammonia
were monitored to evaluate the overall performance,
and microbial communities were compared through
polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE) analysis.

COD, MLSS, and mixed liquor volatile suspended
solid (MLVSS) were determined based on the APHA
Standard Methods [11]. The DOC was determined by
a TOC analyzer (Apollo 9000, Teledyne Tekmar, USA)
after filtration of the samples with 0.45 μm syringe filters. Ammonia was analyzed by titrimetric method
after distillation with a distilling unit (KJELTEC 1026,
FOSS, Denmark). The procedure for PCR-DGGE was
described in a previous study [12].
3. Results and discussion
3.1. Preliminary test on the effect of microbial adaptation
for concentrate treatment
In the preliminary test for investigating the effect
of seeding sludge on RO concentrate treatment, reactor performances with different seeding sludges were
compared. Fig. 1 shows the removal efficiency of DOC
and ammonia. The result clearly shows that the SBR 1
had better performance than SBR 2. Ammonia

Table 2
Composition and concentration of synthetic wastewater for MBRs operation
Compound
Organics and nutrients
Glucose
Ammonium sulfate
Potassium phosphate
Trace nutrients
Calcium chloride
Magnesium sulfate
Manganese chloride
Zinc sulfate
Ferric chloride anhydrous
Cupric sulfate
Cobalt chloride
Sodium molybdatedihydrate
Yeast extract

Chemical formula

Molecular weight, g/mol

Concentration, mg/L

C6H12O6
(NH4)2SO4
KH2PO4

180.0
132.1
136.1

1,120
568
104

CaCl2 2H2O
MgSO4 7H2O
MnCl2 4H2O
ZnSO4 7H2O
FeCl3
CuSO4 5H2O
CoCl2 6H2O
Na2MoO4 2H2O

147.0
246.5
197.9
287.5
162.2
249.7
237.9
242.0

0.368
5.07
0.275
0.44
1.45
0.391
0.42
1.26
30
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(a)

(a)

(b)

(b)

Fig. 1. Effect of seeding sludge on SBR performance ((a)
COD removal, (b) ammonia). Circle: SBR 1 (adapted),
triangle: SBR 2 (unadapted).

Fig. 2. Effect of salt concentration on SBRs performance
((a) DOC removal, (b) ammonia). Circle: SBR 3 (concentrate + raw wastewater), triangle: SBR 2 (raw wastewater
only).

removal efficiency was significantly inhibited by saline
wastewater for unadapted seeding sludge.
The removal efficiency of COD and ammonia gradually increased with operation time. After one month
of operation, the removal efficiency started to increase
and it reached a performance similar to SBR 1. The
increase of removal efficiency directly showed the
adaptation of sludge in the reactor for certain wastewater. Li et al. [13] also reported that an adapted
mixed culture had a huge potential for biodegradation
of various contaminants in industrial wastewater.
Additionally, a mixture of RO concentrate and
wastewater was applied to the same seeding sludge
(adapted) to verify the possibility of real application
(SBR 3). Fig. 2 shows the COD and ammonia removal
efficiency according to different mixing ratios between
wastewater and concentrate. Both COD and ammonia
removal were initially inhibited by higher salt concen-

tration in the mixture but recovered in a week (SBR 2).
Then, the removal efficiency was stable during 40 d of
operation. This clearly showed possibility to apply
concentrate to a WWTP without any significant
adverse effect if an adequate adaptation time and
strategy are allowed.
Based on this finding, we hypothesized that the
effect of high salt concentration on wastewater treatment is dependent on the microbial adaptation. For a
more intensive and quantitative study on microbial
adaptation strategies under saline conditions, lab-scale
MBRs were used.
3.2. Development of a microbial adaptation strategy for
saline wastewater by a MBR
The variations of DOC and ammonia concentrations in the MBR’s effluent were continuously
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(a)

(b)

Fig. 4. Change of MLVSS/MLSS ratio during instant salt
shock.

time will be required to reestablish them due to their
slow growth rates. Therefore, the longer recovery period for ammonia removal than that of organic removal
could be caused by a high sensitivity of ammonia oxidizer to salinity.
The removal efficiency of ammonia was recovered
after 20–25 d of operation by adaptation. The removal
efficiency gradually increased and reached to stable

Fig. 3. Effect of instant salt shock on MBR performance
((a) DOC removal and (b) ammonia removal).

monitored to investigate the effect of salt concentration on MBR performance with different adaptation
strategies. An increase in salt concentration did not
significantly change the DOC removal efficiencies in
any of the cases (> 95%) (Fig. 3(a)). The high biomass
concentrations in the MBRs may make it possible to
withstand shock salt loads. In addition, the membrane
would act as a barrier that prevents the washout of
solids and dead biomass that could contribute to an
increase in organics in the effluent [14].
On the other hand, salinity exhibited a significant
negative impact on the nitrification process (Fig. 3(b)).
In the case of instant salt shock, ammonia removal
efficiency decreased from 95 to 46% as the salt concentration increased from 0 to 20 g NaCl/L (Table 3).
According to Moussa et al. [15], ammonia oxidizers
are more sensitive to salt stress than heterotrophs
removing organic matter. That indicated that freshwater nitrifiers are very sensitive to high salinity, and
once they are affected or washed out, considerable

Fig. 5. DGGE gel banding profiles of microbial communities in the MBRs at different salt concentrations.
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Table 3
Ammonia removal and recovery periods for various NaCl
concentrations
Salt contents
(g/L)

Minimum efficiency
(%)

Recovery periods
(d)

0
5
10
20

95
87
61
46

–
11
30
56

condition similar with the condition before salt shock.
Fig. 4 presents decrease of the MLVSS/MLSS ratio
after instant salt shock loads. The MLVSS/MLSS ratio
in an MBR serves as an important indication of the
amount of viable microbial sludge in the total sludge.
The ratio recovered in a way similar, but little faster
than the recovery of actual ammonia removal efficiency. This result once again reveals sensitivity of
nitrifier under salt shock. The similar recovery pattern
of MLVSS/MLSS ratio and ammonia removal efficiency is explaining that the recovery of ammonia
removal efficiency after a certain recovery time is closely related to the microbial community that could
adapt itself to the increasing salt concentration, which
would result in the death of biomass [8,16].
The microbial communities were compared
through a PCR-DGGE. DGGE gel band profiles in the
MBRs at different instant salt shock loads are illustrated in Fig. 5 and Table 4. Microbial diversity
decreased at higher salt concentrations. Bands D, E, F,
K, L, and P completely disappeared at 10 and 20 g
NaCl/L. However, bands A, B, G, I, and N

Fig. 6. Reactor performances in various NaCl concentrations (stepwise shock mode).

(Nitrosomonas eutropha and Nitrosomonas europaea)
were still present at 20 g/L of salt and the intensity of
bands E and N especially increased with salt concentration increments. These findings support the recovery of ammonia removal efficiency after certain
recovery periods.
From this finding, it was clear that the microbial
adaptation was essential for stable operation for saline
wastewater treatment. To verify and develop a proper
adaptation strategy, the salt concentration was gradually increased after the reactor performance was recovered and stabilized. As shown in Fig. 6, the stepwise
mode showed stable DOC and ammonia removal performance compared with instant shock loads. It was
found that, with an adequate acclimation period and

Table 4
DDGE fragments of micro-organisms by 16S rDNA
DGGE bands

Closest identity

Accession number

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

Nitrosomonas europaea (ATCC 25978)
Nitrosomonas europaea (ATCC 25978)
Methyloversatilis universalis (FAM 5)
Azohydromonas lata (IAM 12599)
Azohydromonas lata (IAM 12599)
Dechloromonas agitata (CKB)
Nitrosomonas europaea (ATCC 25978)
Burkholderia megapolitana (LMG 23650)
Nitrosomonas europaea (ATCC 25978)
Methyloversatilis universalis (FAM 5)
Nitrosomonas europaea (ATCC 25978)
Shewanella japonica (KMM 3299)
Schlegelella thermodepolymerans (K 14)
Nitrosomonas europaea (ATCC 25978)
Nitrosomonas europaea (ATCC 25978)
Nitrosomonas eutropha (C 91)

GQ451713
GQ451713
DQ442273
AB188125
AB188125
AF170357
GQ451713
AM489502
GQ451713
DQ442273
GQ451713
KMM 3299T
AY152824
GQ451713
GQ451713
Q0AG70
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incrementally increased salt content, activated sludge
could be adapted to high-saline conditions (<20 g/L).
Therefore, the sewer discharge of concentrate with a
proper adaptation strategy could be considered as an
applicable technology.
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4. Conclusion
In this study, the microbial adaptation strategy for
saline wastewater treatment including concentrate
from water reuse was investigated. Sewer discharge is
one of the most common methods for concentrate disposal, but this way could have a negative impact on
biological treatment systems due to high salinity. The
feasibility of application of sewer discharge was evaluated with different seeding sludges and mixing ratios
between the concentrate and raw wastewater. The
results clearly showed that the reactor performance
was inhibited by higher salinity but it could be recovered by operation time to allow microbial adaptation.
For a more intensive and quantitative study on
adaptation strategy, lab-scale MBRs were used. With
the instant shock load, ammonia removal decreased
with an increasing salt concentration (0–20 g/L), but it
recovered after adaptation periods (30–40 d). The
PCR-DGGE results indicated that nitrifiers were still
present in high salinity. Moreover, the inhibition effect
could be minimized by a gradual increase in salt concentration. Therefore, a step wise or gradual increase
adaptation strategy should be considered prior to
sewer discharge of RO concentrate without significant
inhibition of the biological wastewater treatment
process.
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