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Abstract: The application of seawater desalination technology using a reverse osmosis (RO)
membrane has been expanding because it requires less energy compared with other distillation
methods. Even in Middle Eastern countries where energy costs are lower such as Saudi Arabia, UAE,
Qatar, and Kuwait, almost all desalination plants where only water production is required have
adopted the RO method. However, large plants in excess of half mega-ton size are required, and
Seawater Reverse Osmosis (SWRO) operation lacks reliability due to heavy biofouling and large
amounts of briny discharge contaminated with chemicals. For reliable desalination systems with
lower environmental impact, membrane-processing technology, including biotechnology (such as
marine bacteria), has been examined as national research in Japan in the “Mega-ton Water System”
project. We examined the influence of chlorination on marine bacteria using the fluorescence
microscopic observation method and found that the effect of chlorination is limited. Chlorination
sterilization triggers biofouling and sodium bisulfate (SBS) addition as a de-chlorinating agent
also triggers biofouling, so a process with no chlorine or SBS addition would reduce biofouling.
As polyamide SWRO membranes have low chlorine resistivity, such a process would enable longer
membrane life in real plants. We used a biofouling monitoring technology, the Membrane Biofilm
Formation Rate (mBFR), to design a process that involves no chlorine or SBS addition and verified it in
the Arabian Gulf Sea, of Saudi Arabia, which is one of the most difficult and challenging seawaters in
which to control biofouling. Furthermore, by minimizing the addition of a sterilizer, the desalination
system became more environmentally friendly.
Keywords: biofouling monitoring technology; membrane biofilm formation rate; trigger of biofouling;
marine bacteria; seawater desalination

1. Introduction
Seawater desalination plants applying the distillation process began operation in the mid-1960s.
Since 2000, application of the energy saving RO (Reverse Osmosis) membrane process has surpassed
the distillation process except in the Middle East, where major large seawater desalination plants
still use the distillation process [1]. As shown in Figure 1 which was prepared in 2009, the scale of
desalination plants have been increasing. Thus, we predicted that ultra-large plants of the mega-ton
per day scale (1,000,000 m3 /day) would be required by 2020. The construction of many ultra-large
plants over the 500,000 m3 /day started in 2017–2018 in the Middle East and North Africa (MENA
country). MENA countries have recently decided to use the RO membrane process instead of the
distillation process, such as multi-stage flash (MSF) and multi-effect distillation (MED) due to the
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With the rapid spread of seawater desalination plants, operational problems have increased due to
the poor design of the plant systems and improper operating conditions. Therefore, along with facility
cost reduction, technology should be improved to enable reliable plant operation by preserving facility
specifications [2,3]. For this reason, Japan’s national research Funding Program for World-Leading
Innovative Research & Development on Science and Technology (FIRST Program) promoted in-depth
research of water treatment core technologies, the “Mega-ton Water System”, and included research on
basic and system technologies [2,3].
The research themes of the “Mega-ton Water System” project were as follows [2,3]:
1.
2.
3.
4.
5.
6.

Low-pressure SWRO membranes.
Next generation energy recovery devices (ERD).
Low-pressure multistage SWRO systems (LMS): SWRO Plant Image Integrated by
Mega-ton Technologies.
Energy Recovery from SWRO Brine by PRO (pressure-retarded osmosis)
New high durability high-pressure resin pipes.
Biofouling monitoring technology: Bacterial Community Composition Change by Chemical.
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The output of the “Mega-ton Water System” were six indispensable technologies for the 21st
century, and these are summarized in Figure 3. In order from left to right, in the top row, (6) Bacterial
Community Composition Change by Chemical is related to the biofouling monitoring technology,
(3) SWRO plant image integrated by Megaton Technologies, and (2) next-generation energy recovery
device. Similarly, in the bottom row, (1) low-pressure SWRO membrane, (5) new high-pressure resin
pipes, and 2018,
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With the rapid spread of seawater desalination plants, operational problems have increased
due to the poor design of the plant systems and improper operating conditions. Therefore, along
with facility cost reduction, technology should be improved to enable reliable plant operation by
preserving facility specifications [2,3]. For this reason, Japan’s national research Funding Program
for World-Leading Innovative Research & Development on Science and Technology (FIRST
Program) promoted in-depth research of water treatment core technologies, the “Mega-ton Water
System”, and included research on basic and system technologies [2,3].
The research themes of the “Mega-ton Water System” project were as follows [2,3]:
1.
2.
3.
4.
5.
6.

Low-pressure SWRO membranes.
Next generation energy recovery devices (ERD).
Low-pressure multistage SWRO systems (LMS): SWRO Plant Image Integrated by Mega-ton
Technologies.
Energy Recovery from SWRO Brine by PRO (pressure-retarded osmosis)
New high durability high-pressure resin pipes.
Biofouling monitoring technology: Bacterial Community Composition Change by Chemical.

The output of the “Mega-ton Water System” were six indispensable technologies for the 21st
century, and these are summarized in Figure 3. In order from left to right, in the top row, (6)
Bacterial Community Composition Change by Chemical is related to the biofouling monitoring
technology, (3) SWRO plant image integrated by Megaton Technologies, and (2) next-generation
energy recovery device. Similarly, in the bottom row, (1) low-pressure SWRO membrane, (5) new
high-pressure
resin pipes, and (4)Water
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from SWRO brine
by pressure-retarded
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Figure
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The output from the technological development of this project applies to the 1,000,000 m3/d
SWRO system (“Mega-ton Water System”). This paper describes the biofouling monitoring
technology of the “Mega-ton Water System” project and verifies the technology in the pilot and real
plants in Saudi Arabia. Biofouling monitoring technology can be used to improve plant operation
reliability by solving the biofouling problem of RO plants. It also contributes to reducing the
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The output from the technological development of this project applies to the 1,000,000 m3 /d
SWRO system (“Mega-ton Water System”). This paper describes the biofouling monitoring technology
of the “Mega-ton Water System” project and verifies the technology in the pilot and real plants in
Saudi Arabia. Biofouling monitoring technology can be used to improve plant operation reliability
by solving the biofouling problem of RO plants. It also contributes to reducing the environmental
impact and water production costs by chemical-free injection. Four key technologies of the “Mega-ton
Water System” are shown in Figure 3 and were verified at a pilot plant at a scale of 500 m3 /day, at the
Desalination Technologies Research Institute (DTRI)/Saline Water Conversion Corporation (SWCC),
Jubail in Saudi Arabia [4,5].
2. Results and Discussion
2.1. Reliable Seawater Desalination System for Biofouling
2.1.1. History of Anti-Biofouling Trails for SWRO (Seawater Reverse Osmosis) System
In the last ten years, there has been greater awareness of the need to preserve the environment,
and there have been efforts to reduce the amount of chemically treated seawater discharged from
desalination plants to lessen the ecological impact [6]. However, it was unfortunate that even now
implementation with concrete scientific and technological solution to these issues was not forthcoming,
even though the number of SWRO plants increased and large SWRO plants expanded rapidly. In the
SWRO process, excessive growth of biomass affects water production and increases plant operation
costs. About 40% of SWRO plants suffer from biofouling problems, and in the Middle East, it is about
70% [7]. There is a strong demand to develop more cost-effective feed-water intake and pretreatment
techniques that can minimize biofouling and improve plant operations.
Sterilization of marine bacteria was considered effective for preventing biofouling of RO
membranes, so continuous chlorination was applied (Figure 4). However, intermittent chlorination has
now been found to be a more efficient method of SWRO biofouling control than continuous chlorination.
The addition of chlorine is reported to be a trigger of biofouling [8–11]. The number of bacteria rapidly
increases immediately after de-chlorination by SBS (sodium bisulfite) dosing. It is considered that
chlorine added in raw water oxidizes natural organic matter (NOM) and microorganisms, and produces
compounds that are easily assimilated by microorganisms. In addition, microorganisms exposed to
chlorine might produce extracellular polymeric substances (EPS) accidentally or genetically as a
defense mechanism and promote biofouling. The consumption of SBS has been found to increase with
the SWRO plant operation time. There was a SWRO plant controlled the amount of SBS dosing in
accordance with the RO brine levels. On one occasion, the decrease in concentration of SBS in the
RO brine was observed, and so the level of SBS dosing amount upstream of the RO was increased.
However, as time elapsed, the SBS concentration in the RO brine decreased again. This situation
continued, and finally, a large amount of SBS was added to the system, and at the same time, RO
differential pressure increased drastically. The result of the RO element autopsy showed the membrane
surface covered with yellow foulant and Thiobacillus, which is a type of sulfur-oxidizing bacterium
that can utilize reduced sulfur compounds, such as SBS, as an energy source, which indicates that the
SBS alone can also be a trigger of biofouling [11]. However, there are no data that show direct evidence
and quantitative impact of chlorination/de-chlorination on SWRO biofouling. To minimize biofouling,
pretreatment processes will need to be established. The quantitative influence and mechanisms of
chemical additives on the biofouling need clarifying.
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Olympus BX-51 epifluorescence microscope under UV excitation. Figure 5 shows the proportions
of bacteria before and after hypochlorite treatment in processing with 2.5 mg/L. Compared to the
results of microscopic fluorescence observation, only 1~3% of the bacteria in seawater were detected
by the conventional plate count method. The results of a bacterial viability assay, by direct microscopic
counting, clearly show that many bacteria are still alive after chlorination at 2.5 mg/L. These results
indicate that the disinfection efficacy can be overestimated by the plate count method and much higher
numbers of marine bacteria can survive after chlorination than expected. The growth of the remaining
live marine bacteria might be due to the increased amount of easily accessible organic carbon produced
by the degradation of the dead bacteria and natural organic matter.

of a bacterial viability assay, by direct microscopic counting, clearly show that many bacteria are still
alive after chlorination at 2.5 mg/L. These results indicate that the disinfection efficacy can be
overestimated by the plate count method and much higher numbers of marine bacteria can survive
after chlorination than expected. The growth of the remaining live marine bacteria might be due to
the increased amount of easily accessible organic carbon produced by the degradation of the dead
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total amount by the wiped area, the ATP amount per unit surface of the biofilm formation base
material was
detected.
The mBFR values were obtained from the slopes of the linear relationships
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Figure 6. Method of measuring mBFR (Membrane Biofilm Formation Rate).
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piece ofAddition
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Microbial community structure of RO membrane biofilms of chemical and non-chemical units
was analyzed using a next-generation DNA sequencer at the phylum level. More seawater
desalination plants are expected to employ operational monitoring technology using mBFR in the
future. The effects of chemical addition on microbial community structures of the RO membrane
biofilms of the chemical and the non-chemical units were analyzed using a next-generation DNA
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and without chlorination and de-chlorination, respectively. The biofilm formation rate was very
low for the non-chlorination and de-chlorination unit (open circle), suggesting that the quality of
surface seawater in this area was fine during this test period. On the other hand, for the unit with
continuous chlorination/de-chlorination (open square), the mBFR value was more than ten times
higher than that of the non-chlorination and de-chlorination unit, and reproducible results were
obtained. The combined data of the RO differential pressure and the biofilm (ATP) formation trend
clearly verify not only the negative impact of continuous chlorination and de-chlorination on biofouling
but also the reliability of mBFR as RO biofouling prediction and explanation indicators.
2.1.5. The Effect of Chemical Addition on Microbial Community Structures
Microbial community structure of RO membrane biofilms of chemical and non-chemical units
was analyzed using a next-generation DNA sequencer at the phylum level. More seawater desalination
plants are expected to employ operational monitoring technology using mBFR in the future. The effects
of chemical addition on microbial community structures of the RO membrane biofilms of the chemical
and the non-chemical units were analyzed using a next-generation DNA sequencer. The addition of
sodium hypochlorite and sodium bisulfite greatly affected the microbial community structures of the
SWRO biofilms. Proteobacteria, Planctomycetes and Bacteroidetes were dominant in the biofilms of
both the chemical
the non-chemical
units as shown in (Figure 8) [17].
Environments
2018, 5, x and
FOR PEER
REVIEW
9 of 12

Figure 8. Microbial community structure of RO foulants at the Phylum level.
Figure 8. Microbial community structure of RO foulants at the Phylum level.
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The design concept for the ideal pretreatment system for future SWRO desalination plants is
shown in Figure 9. The quality of the seawater is evaluated by the biofouling monitoring index
mBFR. For the clear seawater area, the SWRO system with simple pretreatment, for example, a sand
filterEnvironments
or UF followed
by a cartridge filter, with no chemical dosing seems to be pertinent for stable9 of 12
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SWRO operation. For highly polluted seawater regions, elaborate pretreatment processes suitable
for removal of soluble easily biodegradable organics, for example, dissolved air flotation systems
dual media
filters,
might
be necessary.
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processes suitable
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seawater
followed
by dual
media
filters,
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optimum pretreatment
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for the seawater region can be evaluated and verified by mBFR during pilot testing.

Figure 9. Comparison of conventional process and new process proposed by the “Mega-ton Water
System” project.

Recently, we learned that a measuring method similar to that of ATP in seawater had been
presented at the International Desalination Association (IDA) World Congress at Sao Paulo, Brazil [18].
2.2. Verification of Biofouling Monitoring Technology in Arabian Gulf, Most Severe Biofouling Area and in the
Red Sea in Saudi Arabia
Further progress of the “Mega-ton Water System” was reported at the 12th SWA-APDA Joint
Conference held on 11th July 2018, during Singapore International Water Week (SIWW) [5].
This presentation included mainly two research items:
(1)
(2)

Verification of biofouling monitoring technology in the Arabian Gulf Sea and the Red Sea in
Saudi Arabia, as shown in Figure 3, as biofouling monitoring technology [2].
High-performance system for low-cost seawater using other Mega-ton Technologies are shown
in Figure 3 as low-pressure multistage SWRO systems [4].
(A)
(B)
(C)
(D)
(E)

High water recovery system by two-stage one pass up to 60%.
Flux equalization by optimization of vessel configuration (two elements in one vessel).
High-energy recovery by ERD.
Newly developed polyamide membrane (TM820V-400) by Toray was used in this system.
Pre-treatment is DMF (Dual Media Filter).

The first item was included in this paper as follows.
2.2.1. Pilot Plant Verification (500 m3 /day) in the Arabian Gulf
SWCC/DTRI, Toray Industries, Inc. and Hitachi, Ltd. collaborated in the evaluation of the
advanced design system and technologies, including biofouling monitoring technology developed by
the “Mega-ton Water” project during December 2016–January 2018.
Al-Jubail is located on the Arabian Gulf, which is subject to high salinity (4.6%) and large
temperature variations (14 to 37 ◦ C) as shown in Figure 10 [5].
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A reliable seawater desalination system based on membrane technology and biotechnology for
considering environmental impacts were established as an innovative paradigm shift of the
biofouling concept.
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We confirmed that the chemical addition of chlorine and SBS triggers biofouling.
Biofouling monitoring technology using mBFR was a good indicator of reliable seawater
desalination system design and operation.
This biofouling monitoring technology using mBFR was verified in a pilot test, located in Al
Jubail, DTRI and Saudi Arabia during one year.
The next step of the post-megaton project is the verification of this technology at a full-scale
plant-10,000 m3 /day in Ummluji, Saudi Arabia.
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