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ABSTRACT

The removal efficiency of a nanoalumina depth filter (Disruptor™) was tested using raw seawater
from the North Sea in a laboratory scale filtration unit and reverse osmosis (RO) test unit. Perme-
ate flux was measured against time using untreated and pre-filtered seawater. Untreated seawater
exhibited a rapid permeate flux decline. Seawater pre-filtered through the Disruptor™ showed
showed high flux that declined only slightly after 120 min of operation due to increasing of osmotic
pressure and formation of scaling on the membrane surface. The surface morphologies of clean and
fouled RO membranes were examined using scanning electron microscope (SEM). The surface of
the membrane fouled by untreated seawater was completely covered by a fouling layer, while the
membrane surfaces exposed to Disruptor™ pre-filtered seawater were clean and only scaling was
detected. The functional groups on clean and fouled RO membrane samples were investigated by
attenuated total reflection — Fourier transform infrared spectroscopy (ATR-FTIR). The spectra of the
RO membrane fouled by untreated seawater showed absorption bands at 1025, 1006 and 915 cm™,
indicating that the fouling materials were polysaccharides and silica clay materials. The spectrum on
the RO membrane exposed to pre-filtered seawater through the Disruptor™ was indistinguishable
from that of the clean RO membrane. The involvement of transparent exopolymer particles (TEP) in
the establishment of biofouling and development of biofilm was investigated. Results showed that
TEP size increased as well as the number of bacteria with time of incubation. However, the number
of TEP decreased by about 80% in seawater pre-filtered through the Disruptor™.
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1. Introduction

Reverse osmosis (RO) membranes are widely used in
desalination of sea and brackish waters. Moreover, they
have found uses in the production of ultrapure water,
food processing and waste water treatment. Fouling is the
major obstacle for efficient operation of RO membrane
process [1]. RO membrane systems using open seawater
intake systems can be fouled by inorganic precipitates,
particles, precipitated metals, microorganisms, organic
matter, and hydrocarbons [2,3]. The presence of compo-
nents in the water sources such as transparent exopoly-
mer particles (TEP) play an important role in conditioning
of surfaces for biofouling and biofilm development [4,5].
Generally, fouling deteriorates membrane performance,
increases operation and maintenance costs and shortens
membrane life [6,7]. Pre-treatment processes for the clari-
fication of seawater upstream of RO membranes include
disinfection, coagulation/flocculation, multimedia filters
followed by cartridge filters and membrane separation
(microfiltration and ultrafiltration) [8-10]. These tech-
nologies are variously used in SWRO desalination plants
to remove turbidity, suspended solids and microorgan-
isms to meet the standards required of RO feed water.
However, conventional pretreatment must be optimized
and developed depending on the variation of feed water
quality [9]. Membrane separation processes such as mi-
crofiltration (MF) and ultrafiltration (UF) require frequent
backwashing and chemical cleaning due to blockage of
membrane channels by foulants [11]. Some researchers
[12-14] report that UF as pre-treatment upstream of RO
membranes increases flux, plant recovery, RO membrane
life and decreases chemical cleaning, while others [15,16]
reported that MF/UF is limited in removing organic
matter molecules with a small molecular weight cutoff.
Despite high removal efficiency, MF/UF membranes re-
quire an extensive monitoring and protection by screens
(500-50 pm according to the membrane supplier). This
increases the operational costs [16]. Nanofiltration (NF)
can be used upstream of reverse osmosis and thermal de-
salination processes, especially to remove boron from sea-
water [17]. However nanofiltration membranes require an
efficient pretreatment similar to RO membranes. Recently,
automatic backflush filters and automatic self-cleaning fil-
ters have been used to remove fine sands from untreated
water prior to cartridge filters and RO membranes. They
offer advantages over traditional multi media filters in
terms of capital and installation costs. They can extend the
lifetime of the cartridge filter elements and prevent sand
from entering the reverse osmosis membranes.

Transparent exopolymer particles (TEP) play impor-
tant role in the establishment of organic fouling and the
development of biofilm [4,5]. TEP are microscopic par-
ticles, (0.4~200 um) in size and form from polysaccharides
released by microorganisms and are not detectable by
traditional particle size techniques [18,19]. Arecent study

[5] at the Adom desalination plant, Ashkelon, showed
that conventional pretreatment technology (sand and
micron filters) can not effectively remove TEP. Therefore,
an alternative efficient pre-treatment upstream to RO
membranes is required.

The Disruptor™ is an electropositive, submicron
polishing medium that removes a variety of submicron
contaminants through adsorption rather than mechanical
filtration. The nanoalumina filter medium has a dense
electropositive zeta potential of +50 mV at pH 7.2, which
is well maintained in fresh, brackish and seawater. A typi-
cal 2.5”x10” pleated cartridge has more than 10,000 m? of
active surface area with a capability to remove contami-
nants down to a few nanometers including endotoxins,
cell debris, colloids, virus, bacteria and certain metals
such as iron lead, copper and silver [20].

This study explores the use of the Disruptor™ in re-
ducing RO membrane fouling in raw seawater.

2. Materials and methods
2.1. Raw seawater

Coastal seawater was collected from the North Sea and
transported to the University of Sheffield and stored for
two weeks at 4°C in a dark refrigerator before the experi-
ments. This seawater has a pH = 8.3, and total dissolved
solids (TDS) = 25,500 mg/1.

2.2. Pre-treatment methods

The cartridge filters selected for this study were made
of polypropylene and had a pore size of 1 ym and 5 um,
respectively. The Disruptor™ is made of nanoalumina
fibres attached to a microglass fibre and had a pore size
of about 2 um. The filter medium contains 32% by weight
of nano fibers the alumina mineral boehmite (AIOOH).
These nanoalumina fibers are attached to microglass car-
rier fibers, appearing as hair-like strands approximately
2 nm in diameter and about 250 nm long, with a surface
area of approximately 500 square meters per gram of
nanoalumina fiber. The nanoalumina fibers have a pow-
erful electokinetic potential due to the AI** charge on the
surface of each fiber that extends up to one micron from
the end of the nanofiber. The cartridge filters and the Dis-
ruptor™ were supplied by “Amazon” Filtration Ltd, UK.

2.3. Reverse osmosis membrane

A'Toray seawater reverse osmosis (SWRO) membrane
was used in all fouling experiments (Table 1).

2.4. Filtration and cross-flow membrane filtration unit

Fouling tests were carried out using a laboratory scale
filtration unit and plate and frame cross-flow RO test unit.
The filtration unit consists of a feed water tank and two
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Table 1

Specifications of the selected SWRO membrane
Membrane SWRO
Manufacturer Toray, Japan
Material Polyamide
Surface charge at pH 7 Negative

Salt rejection, % 99.75

Flux, I/m2.h 9.58

10 inch cartridge filter casings “Amozon” Filters Ltd-UK.
The cross-flow RO test unit is a commercially available
stainless steel unit (Osmonics, Desal, USA). It consists of
a feed water tank, high pressure pump, and two test cells
with pressure gauges and regulators (Fig. 1). The unit
can be operated with feed pressure up to 1000 PSI and
provides an effective membrane surface area of 81 cm?

The fouling tests were conducted in a recycling mode
where both the permeate and concentrate flow recycled
back to the feed water tank. The feed flow rate through
the cross flow filtration unit is 4.2 L.min™. Each filtration
experiment conducted over a period of 6 h. The filtration
experiments were carried out on different days in which
each filtration experiment was carried out twice and
similar results were obtained.

2.5. Membrane characterisation

Membranes were characterised by contact angle, sur-
face morphology and membrane roughness. The clean
and fouled RO membrane coupons dried carefully in a
laminar flow cabinet prior to the contact angle and SEM
measurements because drying of membrane samples
could cause severe distortion to the biofilm.

The contact angle values of clean and fouled mem-
branes measured by the sessile drop method using a
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contact angle meter (KRUSS — DSA100) according to
the methods used by Shon et al. [21]. Membrane hydro-
philicity measured by depositing a 5 ul droplet of ultra
pure water onto the dried membrane surface using a
micro-syringe. The average contact angle of 5 droplets
determined.

A scanning electron microscope (FEI Instruments)
used for surface morphology measurements of clean and
fouled RO membranes. 1 cm? membrane coupons cut
from the clean and fouled RO membranes mounted on
the test disc and coated with gold prior to SEM imaging.

The clean and fouled DisruptorTM filter and RO mem-
brane analysed for functional groups using attenuated
total reflection—-Fourier transform infrared spectroscopy
(ATR-FTIR) (PerkinElmer FTIR spectroscope). In order
to reduce the interference of water the filter and mem-
brane samples dried prior to ATR-FTIR measurements.
The clean and fouled DisruptorTM filters and clean and
fouled membrane samples pressed against each side of
a germanium (Ge) reflection element (6 mm, 45°). All
spectra recorded with 100 scans and a wave number
resolution of 4 cm™ resolution.

2.6. Transparent exopolymer particles (TEP) measurement

The numbers of TEP in raw and pre-filtered North Sea
seawater through DisruptorTM were measured according
to the method described by Bar-Zeev et al. [5]. 500 ml of
raw and pre-filtered seawater was collected in sterile glass
beakers. Sterile glass microscope slides were suspended
in the water in each glass beaker. The glass beakers were
then incubated at 25°C with 100 rpm agitation. Slides
from each beaker were removed after 48, 72 and 168 h
and transferred into sterile Petri dishes and stained with
0.02% Alcian blue for 7 min, and rinsed twice by DI wa-
ter to remove access dye. The slides were covered with
cover slips and viewed under the light microscope (Zeiss
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Flow
vV V Pressure meter
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Cartridge Pressure —
Filter | gage _® Back-pressure
Water Tank Transferl DK Ly} Q regulator
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Fig. 1. Schematic diagram of bench scales filtration and cross-flow RO membrane filtration units.
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Axioplan 2, Zeiss Instruments). 20 microscope fields were
taken at random from the glass slide at a magnification of
200x and the TEP were counted in each microscope field.

In order to quantify the attached bacteria, slides of the
same treatment were stained with 10 ul of 4',6-diamidino-
2-phenylindole (DAPI, concentration 3 pg ml™) for 7 min
in the dark. A drop of immersion oil (Olympus, Fisher)
was placed onto each glass slide and flattened by plac-
ing a cover slip on the top of the slide and then viewed
under an epifluorescence microscope. DAPI stained
bacteria were counted in 20 microscope fields taken from
the glass slide at a magnification of 1000x. The average
number of bacteria cells per cm?in raw seawater and that
pre-filtered through a Disruptor™ was calculated using
the Imag ] software.

The percentage removal of TEP and bacteria by the
Disruptor™ was calculated using the following equation:

Y N f N p
Percentage of rejection R(%)= N x100% (1)
f

where N is the number of TEP or bacteria cells in the raw
seawater, N, is the number of TEP or bacteria cells in pre-
filtered seawater through the Disruptor™.

2.7. Membrane fouling study

Prior to all fouling tests, circular RO membrane cou-
pons (81 cm? in area) were cut and mounted in a stain-
less steel, cylindrical membrane test cell and then rinsed
with DI water at 100 psi for 30 min in order to remove
the impurities attached to the membrane surface. As the
membrane coupons to be tested had a small surface area
and would be affected by the compaction under high
operating pressure, the permeate flux was measured with
high quality RO permeate at an operating pressure of
600 psi and stable temperature (25+1°C) until a constant
flux was achieved. For the fouling tests, first, the North
Sea raw seawater (untreated) was added to the feed tank
and pumped directly to the RO test unit containing a
previously conditioned flat sheet SWRO membrane in
order to investigate the effect of composite fouling on
permeate flux. Next, the seawater was filtered through a
Disruptor™ filter alone, through a 5 pm cartridge filter
alone and through a 1 um cartridge filter alone in order to
investigate the removal efficiency of each filter separately.
The pre-filtered seawater from each filter was pumped
into the RO test unit containing a clean and conditioned

Table 2

RO membrane and the permeate flux over operating
time was measured. In addition, the performance of the
Disruptor™ filter was investigated by filtering raw sea-
water thorough 1 um filter followed by the Disruptor™
filter. Fouling filtration tests were preformed in duplicate.
The permeate flux was determined at stable temperature
(25+1°C) and constant feed pressure (600 psi) by weighing
the permeate using an electronic balance. The conductiv-
ity and pH of feed and permeate were measured during
the experiments using an electrical conductivity meter
(Model CON 410, OAKTON, Eutech Instruments) and mi-
crocomputer pH meter (HI 8424-HANNA Instruments).

Permeate flux (] ), the flow rate of permeate product
(Qp) per membrane area (A) was calculated as follows

[Eq. (2)]:

Q,
]w _7

()

Permeate flux is a function of temperature and all
permeate flux values were corrected to 25°C using Eq. (3)
(adapted from the American Society for Testing and Ma-
terials (ASTM)) [22]:

Jo =7,1.03" €)

where J, is standard permeate flux, ], is actual permeate
flux, and T is temperature, respectively.

At the end of each fouling experiment, the feed tanks
were emptied and the filtration and cross-flow RO unit
were rinsed with high quality RO permeate water. After
rinsing both filtration units were cleaned by re-circulating
NaOH solution (0.1%) at pH 11 for 30 min and HCl so-
lution (0.1%) at pH 2 for another 30 min. After chemical
cleaning, both units were rinsed with high quality RO
permeate water for 30 min.

3. Results and discussion

3.1. Characterisation of an SWRO membrane

The membrane characteristics before and after expo-
sure to Disruptor™ filtered seawater are summarised in
Table 2.

The clean SWRO membrane exhibits a medium con-
tact angle and a rough surface. The decreased contact
angle of the fouled membrane suggests the hydrophilic
nature of fouling materials. The membrane surface rough-

Characterisation of SWRO membrane before and after using Disruptor™ filter

Code New membrane Fouled membrane Pre-filtered seawater

(raw seawater) (Disruptor™)
Membrane contact angle 52.5+0.42 41.6+1.19 51.9+4.17
Membrane roughness, nm 49.144 78.254 53.988
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ness was increased by 59% due to the fouling layer that
accumulated on the membrane surface. However, when
using Disruptor™ filter for pre-treatment prior to the RO
membrane only a slight change in the contact angle and
membrane roughness was observed when compared to
a new membrane.

3.2. Membrane fouling by raw and pre-filtered seawater

The effect of fouling on permeate flux investigated
by filtering untreated and treated (pre-filtered) seawater
through SWRO membranes. Raw seawater and seawater
filtered through 1 um, 5 um, a Disruptor™ filter and a 1
um filter followed by a Disruptor™ filter tested for the
effect of fouling on permeate flux (Fig. 2).

Untreated seawater exhibited rapid and flux decline
of 41% over 6 h due to accumulation of fouling materi-
als (particles, colloids and bacteria). Similar studies [2,3]
report that accumulation of small particles and colloids
on the membrane surface results in a large hydraulic
resistance to permeate flow and thus fast permeate flux
decline. Seawater pre-filtered raw through 1 um, 5 um
filters, respectively exhibited similar trends, with the
permeate flux being stable in the first 90 min followed
by a rapid decline due to formation of colloidal fouling
and scaling on the membrane surface. These treatments
showed an overall permeate flux decline of about 36%
and 50% respectively. However, using the Disruptor™
filter alone, as well as downstream of the 1 um filter
resulted in much slower permeate flux decline (25%
and 15%, respectively). Decrease of the permeate flux of
seawater pre-filtered through the Disruptor™ filter was
only noticed after 120 min of filtration. This decrease is
possibly due to increase in osmotic pressure, the effect of
the concentration polarization and/or formation of scaling
on the membrane surface. Concentration polarization can
contribute permeate flux decline due to increasing salt

concentration near the membrane surface which leads
to formation of scaling and increasing osmotic pressure
[5]. Despite the short time of filtration experiments (6 h),
the results clearly demonstrate that using a Disruptor™
filter upstream to the RO membranes can reduce fouling.

3.3. SEM

The SEM images of the membrane receiving raw sea-
water and seawater pre-filtered through the Disruptor™
filter are shown in Fig. 3 and Fig. 4, respectively.

RO membrane receiving seawater pre-filtered through
the Disruptor™ filter showed some scaling but little dif-
ference from the new membrane surface.

Precipitation of scaling on the membrane surface is
attributed to the high pH of seawater The SEM image
demonstrates higher removal efficiency when using a Dis-
ruptor™ filter as pre-treatment prior to RO membranes.
The majority of foulants were removed from RO feed
water and only scaling was detected. Scaling problems
can be prevented by adjustment of the seawater pH us-
ing hydrochloric acid (HCI) and/or sulfuric acid (H,SO,).

3.4. ATR-FTIR

ATR-FTIR spectra of a clean Disruptor™ filter and
one fouled by raw seawater (Fig. 5) and a clean RO
membrane and those fouled by raw and filtered seawater
(Fig. 6) were investigated and the functional groups were
determined.

It can be seen that all high absorption bands of clean
RO membranes are located in the amide and carbohy-
drates regions (750-1750 cm™) (Fig. 6) [23]. These high
absorption bands were reduced in the spectra of the RO
membrane fouled by raw seawater due to the fouling cov-
ering the membrane surface. The RO membrane fouled
by unfiltrered seawater showed a large peak between
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Fig. 2. Comparative permeate flux decline of untreated seawater and pre-filtered using 1 um filter, 5 um filter, Disruptor™ filter

and 1 um filter followed by Disruptor™ filter, respectively.
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RO membrane.
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900 and 1100 cm™ suggesting that the RO membrane is
fouled by polysaccharides or silica colloids [23-25]. This
large peak is not present after using a Disruptor™. The
spectra of the clean RO membrane and that after using
Disruptor™ filter are almost identical. This shows that a
Disruptor™ filter removes the majority of substances that
may foul the RO membrane.

3.5. Number of transparent exopolymer particles (TEP) and
bacterial cells

The number of transparent exoploymer particles
(TEP) and bacteria cells were counted in the glass slides
suspended in raw (untreated) and pre-filtered seawater
through Disruptor™ filter. After 24 h of incubation in the
raw sea water small size TEP and a few bacteria were
found (Figs. 7a and b).

However, after 168 h of incubation the TEP areas be-
came larger in size and a high number of bacteria were
observed (Figs. 8a and b). The results indicate that pres-

100 ym

TEP S

(a)

ence of TEP in the water increases the biofouling potential.
Similar results were reported by Bar-Zeev et al. [5] where
the size of stained TEP and number of bacteria increased
with increasing time of incubation.

The results from seawater pre-filtered through the
Disruptor™ filter show smaller sized TEP particles and no
bacteria in the first 24 h of incubation (Fig. 9). However,
a few cells were observed on the glass slide after 168 h
of incubation.

The number bacterial cell and TEP were counted on
the glass slides after 24 h and 168 h of incubation and the
results are summarized in Table 3.

4. Conclusions

Laboratory scale experiments were carried in order
to investigate the efficiency of a Disruptor™ filter in re-
moving substances responsible for fouling SWRO mem-
branes. Results showed that the Disruptor™ medium

<+—— Bacteria

Fig. 7. Microscope images of TEP (a) and bacterial cells (b) on glass slide after 24 h of incubation in raw seawater.

100 pm

TEP

(@)

Bacteria

\ .

Fig. 8. Microscopic images of TEP © and bacterial cells (d) on glass slide after 168 h of incubation in raw seawater.
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Table 3

Number of bacterial cells and TEP on glass slides after 24 h and 168 h of incubation

Water sample Number of bacteria (cell.cm™) Number of TEP (TEP.cm™)
Raw seawater (24 h) 1.75x10° 45

Raw seawater (168 h) 3.38x10° 120

Pre-filtered seawater (24 h) 0 15

Pre-filtered seawater (168 h) 2370 24

I 20 pm ! »

TEP

»

Fig. 9. Microscopic images of TEP after 168 h of incubation in
seawater pre-filter through Disruptor™.

can substantially reduce RO membrane fouling. Perme-
ate flux was maintained over 6 h. SEM and ATR-FTIR
results demonstrated the high removal efficiency of the
Disruptor™ medium. The role of TEP in biofouling and
biofilm development was investigated. Large numbers
of TEP colonized by bacteria were found on the glass
slides after 168h of incubation in untreated seawater,
indicating the involvement of these particles in the
development of biofouling. However, it was found that
the Disruptor™ medium can remove about 80% of these
particles. From this study, it can be concluded that the
Disruptor™ medium can substantially reduce the sever-
ity of fouling and biofilm formation in SWRO membrane
systems. Pilot plants or full scale testing at SWRO plant
are necessary to quantify the commercial benefits to be
obtained by reducing membrane fouling through the use
of Disruptor™ filter.
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