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ABSTRACT

Saline Water Conversion Corporation is the pioneer in developing applications and operation
of nanofiltration (NF) pretreatment for seawater desalination which was developed by its
research arm, namely, the Saline Water Desalination Research Institute. Initial work on a
pilot plant scale, resulted in its application in one of the commercial seawater reverse osmo-
sis (SWRO) plants at Ummlujj currently in operation since September 2000. During this long
term of operation of NF-SWRO system, a number of improvements were made on the sys-
tem operation based on operational experiences as well as research, which ultimately
resulted in smooth operation of the same. This long-term operation revealed that it is possi-
ble to operate NF at 65% recovery at pH =6 utilizing only low feed pressure of <25 bar. This
led to increase in SWRO production by 42%. Also, no chemical cleaning or membrane
replacement was required for SWRO membranes. These achievements make the NF-SWRO
process economically attractive and feasible. This paper provides an overview of long-term
operation of NF-SWRO plant as well as different research programs which were undertaken
and results obtained following the application of the same. Major obstacles in the smooth
operation of the NF pretreatment and future direction of improvement and research to be
adopted are also addressed.
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1. Introduction

With ever increasing population and rise in their
living standard, there is always an increase in
demand for good quality water throughout the
world. To meet this rise in demand, water treatment,
in all its form, is also on the rise. This tends to be
the case also for water desalination market of which
the capacity by the end of year 2011 stands at
719 millionm3/d [1]. However, one of the major
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impediments in widespread application of seawater
desalination technology whether thermal or mem-
brane is the relatively high cost associated with it.
Recently, there were many advances that were made
in seawater desalination technology which led to
drastic decline in water production cost, especially in
the seawater reverse osmosis (SWRO) technology.
One such advancement is the breakthrough applica-
tion of nanofiltration (NF) membrane pretreatment
technique for both thermal and membrane process
which was pioneered by Saline Water Conversion
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Corporation (SWCC), Saudi Arabia. This new NF
pretreatment process produced a new, very clean,
and partially desalinated seawater product, consider-
ably different and superior to seawater in qualities
and without the problems normally associated with
seawater of high concentration of scale forming ions,
high total dissolved solids (TDS), high turbidity, and
high bacteria count. The mentioned desalination
arrangements led to a significant improvement in the
seawater desalination processes.

During the year 1996, for the first time ever, a new
approach to seawater desalination processes by inte-
grating the NF membrane process with one of the con-
ventional desalination processes to form, for example,
an NF-SWRO or NF-multistage flash distillation (MSF)
was developed at SWCC, Saline Water Desalination
Research Institute (SWDRI) and was successfully
applied to those cases on a pilot plant scale with
remarkable results. The seawater treatment first with
the NF membrane removed from it turbidity and
microorganisms, caused significant rejection of the
scale forming hardness ions, and produced a new sea-
water product, considerably different and superior to
seawater in qualities. The mentioned desalination
arrangements led to a significant improvement in the
seawater desalination processes by lowering their
energy consumption and chemical consumption
thereby making the process friendly to the marine envi-
ronment, as well as by doubling their product water
output and recovery ratio with the ultimate benefit of
lowering the cost of fresh water production. The new
concept was applied as a dihybrid process consisting of
one fully integrated process system, the NF product
constitutes the feed to SWRO plants or the makeup to
other thermal, e.g. MSF, vapor compression, and multi-
ple effect desalination plants. Alternatively, in a trihy-
brid system, the reject from SWRO of the NF-SWRO
unit is used as the makeup to the MSF unit. This con-
cept was evaluated successfully on a NF-SWRO, a NF-
MSF, and a NF-SWROjec—MSF pilot plant units using
Gulf seawater with remarkable results. This new pro-
cess offers several advantages over the conventional
seawater desalination processes [2-6].

Initially, the NF process was developed with one
type NF membrane and all the work was performed
on it. Later on, the study dealt with NF process optimi-
zation, where the performance behavior of different
NF membranes, made by different membrane manu-
facturers was investigated along with their influence
on SWRO performance when using NF permeate as
their feed. To optimize the NF pretreatment of seawa-
ter feed to seawater desalination plants, the perfor-
mance behavior of a total of 11 different NF
membranes, made by different membrane manufactur-
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ers, size 4" x40” and or 8" x40”, was investigated
along with the influence of using NF permeate as feed
on SWRO membrane performance. Although all NF
membranes examined showed excellent rejection of
SO~ from 3,200 to less than 70 ppm, for a rejection of
98% or better, nevertheless, each of the membrane was
found to differ from other membranes in performance
behavior, which is measured by NF permeate flow,
permeate recovery ratio, and hardness ions (SO7,
HCO7;, Ca™ and Mg™) as well as TDS rejection. It
was also found that at the same applied pressure, NF
membranes with high rejection of Ca™ and Mg™" tend
to have low flow and recovery, while the reverse is
true, i.e. membranes with low rejection of Ca™ and
Mg*" tend to have high flow and high permeate recov-
ery [7]. All these works were done on a pilot plant
scale by integrating NF spiral wound membrane ele-
ments in series, size 4" x40”, with a SWRO unit
employing 2.5” x 40" membrane elements.

In view of the positive and encouraging results
obtained on a pilot plant scale, trial on an NF-SWRO
demonstration unit was not only logical but essential
to determine the operating conditions as well as to
establish plant performance parameters for commer-
cial size NF-SWRO plants. The demonstration unit
built for this purpose consisted of six NF spiral
wound membrane elements, size 8" x 40" arranged in
series followed by a SWRO unit comprising three
hollow fine fiber SWRO elements of size 9" x 40" also
arranged in series. Results obtained confirmed that
findings from pilot plant trials and findings from both
units allowed for the selection of NF membranes for
use with SWRO or MSF plants as well as the determi-
nation of operation parameters for commercial large
size seawater desalination plants [8].

Following the excellent and encouraging results
obtained at the pilot and demonstration plant stages,
this new dual desalination process was applied suc-
cessfully to a commercial production plant. To evalu-
ate this new NF-SWRO desalination process on a
commercial plant scale, one SWRO Train 100, capacity
2,203m>/d (582,085gpd) at the existing Ummlujj
SWRO plant, which was commissioned in 1986 was
converted from a single SWRO desalination process to
the new dual NF-SWRO desalination process by the
introduction of NF pretreatment of size semi-desalina-
tion unit ahead of the existing SWRO unit. The second
Line, Train 200, at the same plant, which is identical
in design and production to Train 100 was kept opera-
tional in the single SWRO mode. Prior to the conver-
sion of the plant to the dual NF-SWRO process, the
process was tested utilizing a demonstration unit sim-
ulating the new NF-SWRO plant in design and opera-
tion [9]. This paper describes the overall performance
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of Ummlujj NF-SWRO plant during initial eight years
of service.

2. Plant description

Schematic flow diagram of the Ummlujj SWRO
plant modified after incorporating NF pretreatment is
as shown in Fig. 1.

2.1. Seawater intake

The seawater supplied to the plant from an open
intake enters through two 600mm fiberglass pipes
which are embedded in concrete in the coral reef. Cop-
per sulfate solution is injected in each supply pipe, to
prevent algae and marine growth in intake pipe and
basin. After entering the seawater well, the water
passes through a screening plant to prevent shells, fish,
and debris from entering the seawater pumps.

2.2. Dual media filters

Three seawater pumps are used to pump water
from the seawater intake sump to the Dual Media
gravity filters. The purpose of the gravity filter is to
remove fine suspended materials from the seawater.
The filtered water from dual media filters flows by
gravity into the filtered water sump. Filtered seawater
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is pumped to two banks of dual media pressure filters
by the filter forward pumps. The purpose of the pres-
sure filters is to further remove suspended solids so
that the filter effluent will have an silt density index
not exceeding 3.0.

2.3. Filtered water clear well

The effluent from the pressure filters is collected in
the filtered water clear well from where it is pumped
to the reverse osmosis (RO) train as well as NF train.
Prior to entering the cartridge filters, the filtered water
from clear well tank, is injected with sulfuric acid to
decrease the pH to a level of about 6.0 along with 3—
5ppm of sodium hexametaphosphate (NaPOj3)s to pre-
vent the formation of scale on the RO membranes.
The cartridge filters are the final barrier to prevent
suspended particles from entering the membranes.
The cartridge elements have a pore size of 20 um and
are made of polypropylene.

2.4. RO system

There are two RO trains called Train 100 and Train
200. Each train is arranged in an array of 108 pressure
vessels. All 108 pressure vessels are connected in par-
allel. Each pressure vessel contains six, 6” x40” thin

NF 360m°h
Pumps

Intake Sump Gravity Filter ~ Filtered Water Sump ~ Pressure Filter Clear Well
T20mh

T Traia SWRO

200 25-30% Conversion

i
65bar
o
by Punp

To 65% Conversion SWRO 50-56

Train100
NF Section 24w’ % Conversion

Cartridge L
Filter
20-40 bar SWRO Brine

HP Pump Outfal 64bar

Fig. 1. Schematic flow diagram of Ummlujj SWRO plant after incorporating NF pretreatment.
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film composite (TFC) spiral wound membrane ele-
ments. Both trains are fed with two high pressure of
normal capacity of 360 m>/h. Originally RO trains are
designed to operate at 30% recovery. The first stage
product water was collected for subsequent second
stage reverse osmosis processing, which was later on
abandoned due to utilization of high salt rejection
membranes. The concentrated feed stream that leaves
the unit is then allowed to flow through the energy
recovery pelton impulse turbine to seawater outfall.

During February 1997 and January 2000, the old
membranes in RO first stage trains were replaced by
new model membranes in Train 200 and Train 100,
respectively. The product water conductivity subse-
quently dropped from about 8,000 uS to about 370 pS
and hence, the second stage RO was stopped and the
product water from the first stage RO was directly
sent to the product reservoir after posttreatment. A
lime solution (slurry) is injected into the product
water stream for pH adjustment to be between 7.5
and 8.0. An aqueous solution of calcium hypochlorite
(Ca(OCl)y) is injected into the final product water
from the RO trains.

2.5. NF-RO system

In the year 2000, the Train 100 was converted to
NF-SWRO system. This was done by installing an NF
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train upstream of Train 100 RO. The second stage RO
high pressure feed pumps of capacity 360 m®/h were
utilized to pump the pretreated feed seawater to NF
train. The NF train is arranged in an array of 108
pressure vessels. All 108 pressure vessels are con-
nected in parallel. Initially, the NF train was designed
to use a different NF membrane and hence had 108
pressure vessels. However, later for the NF mem-
branes used, only 27 pressure vessels, each containing
six, 8" x 40" spiral wound TFC NF membrane ele-
ments are required. Later on, 45 pressure vessels were
in service which were added as needed to maintain
rated product flow during operation. The NF is
designed to operate at 65% recovery. The product
water is collected for subsequent reverse osmosis pro-
cessing in Train 100. The concentrated feed stream
leaves the unit as the brine stream.

3. Plant performance
3.1. NF performance

The initial results obtained from the operation of
SWRO train (RO 100) in the new dual NF-SWRO
desalination hybrid showed vastly improved product
output and recovery ratio over its operation in the
conventional SWRO (RO 200) desalination process.
The output of Train 100 operated in the NF-SWRO

60

50 1

40

60000

ar

- 50000

P 1

3

o

40000

Pressure (bar)

20

m/\[ xvf

)4

Conductivity (uS/cm)

10

M

20000

=o— Feed Pressure

=~ Product Conductivity

10000

Oct-00
Jan-01
Apr-01
Jul-01 +
Oct-01 1
Jan-02
Apr-02 -
Jul-02 -
Oct-02
Jan-03
Apr-03
Jul-03 1
Oct-03 1
Jan-04 -
Apr-04 -
Jul-04 -
Oct-04 -

Jan-05 -

Months

Apr-05
Jul-05 -
Oct-05 -
Jan-06 -
Apr-06 -
Jul-06 -
Oct-06
Jan-07
Apr-07 -
Jul-07 -
Oct-07
Jan-08 -
Apr-08
Jul-08 -
Oct-08 -

Fig. 2. Long-term performance of NF unit in terms feed pressure and product conductivity.
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Fig. 4. Long-term performance comparison of RO Train 100 with NF product as feed and RO Train 200 without NF.
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Table 2

Chronological data of membrane replacement in NF train

No. Date No. of vessels No. of new element Action

1 30 December 2001 27 54 33.3% elements replaced

2 3 February 2002 36 54 Added 9 new vessles

3 27 November 2002 36 36 16.6% elements replaced

4 16 September 2003 36 36 16.6% elements replaced

5 10 October 2004 45 162 *50% elements replaced
*Added 9 new vessels

6 13 November 2005 45 90 33.3% elements replaced

7 2 August 2006 45 45 16.6% elements replaced

8 10 February 2008 45 90 33.3% elements replaced

Table 3

Chronological data of membrane replacement in RO Train 200

No. Date No. of vessels No. of new element Action

1 26 November 2001 66 264 66.7% element replaced

2 30 December 2002 66 132 33.3% element replaced

3 15 November 2005 66 132 33.3% element replaced

4 1 January 2004 72 36 Added 6 new vessels

5 24 December 2006 72 288 66.7% element replaced

3.2. SWRO performance

As stated earlier, following application of NF to
RO 100, the production increase by about 44% com-
pared to RO 200 which could not be maintained later
mainly due to increase in the NF product TDS. This is
especially due to the fact that the RO trains operated
at constant feed pressure of about 65bar. Hence, the
RO 100 production was affected by the feed tempera-
ture as well as NF product conductivity. The RO 100
performance for eightyears which was monitored by
product flow rate as well as product conductivity is
shown in Fig. 3. The product flow varied from 93m?/
h to as high as 129m°/h during the course of
eightyears of operation. Similarly, the RO 100 product
conductivity varied from 430pS/cm to as high as
960 uS/cm. The RO product conductivity mainly var-
ied with seasonal variation in feedwater temperature.
However, there was very slight increase in the con-
ductivity over the period of eightyears as can be
noticed from the Fig. 3. This exemplary performance
of RO 100 is mainly due to the excellent quality of
feed it received from NF. Moreover, this was achieved
despite no membrane replacement during the entire
eightyears of service except towards the last
threemonths (50% elements replacement) which did
not significantly improve the performance indicating
that the RO membrane replacement was not necessary

in RO 100. Moreover, two chemical cleanings were
also conducted which did not have any effect on the
RO 100 performance further confirming the excellent
condition of SWRO membrane in RO 100. This proves
that utilization of NF product as feed to SWRO shall
extent the life membrane beyond eight years.

The performance of RO 200 which was operated
on pretreated seawater feed compared to the RO 100
which operated on NF product as feed is shown in
Fig. 4. The RO 200 product flow varied between 71
and 106 m>/h. The high flow rate was mainly due to
the fact that during the course of study some addi-
tional pressure vessels of containing standard 8" x 40”
size membranes were evaluated on the RO 200 train.
The product conductivity ranged from 280puS/cm to
as high as 950 uS/cm. This was achieved by applying
standard chemical cleaning on every sixmonths inter-
val and also by regular membrane replacement. The
details of membrane replacement were given in
Table 3, which indicate that an annual membrane
replacement rate of 25% is relatively high compared
to the industry standard.

3.3. NF membrane fouling and remediation measures

Following the application of NF pretreatment in
Train100 at Ummlujj, the permeate flow from the RO
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100 was increased to 124m’/h compared to 86m’/h
permeate flow from single mode RO 200. However,
after about ninemonths of continuous operation of
NF unit, one pressure vessel was isolated from NF
unit for chemical cleaning at low pH followed by
high pH as the plant permeate flow was reduced
from 234 to 200m°/h and the feed pressure increased
from 30bar to 38bar as a result of decrease in feed
temperature from 32 to 23°C as well as suspected
fouling. The chemical cleaning test resulted in
improvement of the NF permeate flow, ie. 100%
recovery of the permeate flow, but with slight reduc-
tion in hardness rejection. Thereafter, low and high
pH cleaning was successfully carried out on entire NF
unit to restore its performance. After about
threemonths from the first cleaning of NF unit, the
permeate flow was again gradually reduced to 190
from 234m’/h. Only a high pH cleaning in presence
of sodium dodecyl sulfate surfactant, in addition to
other components was carried out to the NF unit to
restore its performance in the second occasion. The
permeate flow of NF unit was recovered back to
234m>/h whereas the rejection of hardness ions of
NF unit was reduced as in the first cleaning. Hence,
autopsy of two NF membranes was carried out to
find out the reason for decline in permeate flow.
Before doing autopsy, both lead element and end ele-
ment membranes were subjected to performance eval-
uation and it was found that the performance of the
end element was much better than the performance of
the lead element. Autopsy and analyses results
showed that the lead element surface was covered
with thick reddish brown slimy deposits whereas the
end element was relatively clean, with slight deposits
only. The deposits constitute mainly the primary
organic matter, iron, chromium, and fungus in addi-
tion to the chemical constituents usually found in the
seawater. Even though few diatoms could be seen on
both membrane surfaces, bacteriological analyses and
the amount of primary organic matter indicate that
the membranes were not biofouled during the
12months operation of NF unit. Moreover, the lead
element was found to be more fouled than the end
element, which is an indication of typical organic
fouling. Based on the autopsy results, measures were
taken to reduce fouling and chemical cleaning fre-
quency which included replacement of the first two
lead elements as well as addition of more NF mem-
branes to the NF rack resulting in reduced feed flow
to membranes while maintaining the same recovery.
This resulted in lowering of flux rates (from 25 to
15gfd), which ultimately improved the NF perfor-
mance and lowered the chemical cleaning frequency
during the rest of the operation period [11].
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The operation of plant for the two years with lower
flux rate resulted in a steady performance of the NF
unit leading to lower chemical cleaning frequencies
(from every three to six months), a typical indication of
lower fouling rate. As the foulants are mainly depos-
ited on the lead elements, only these (lead) elements
were replaced during the regular annual membrane
replacements and while end elements (which were less
fouled) remained in pressure vessels during the initial
fiveyears of operation. However, at the end of
five years of operation, the last two end elements that
were in continuous operation for more than five years
were removed and new replacement elements were
placed as lead elements in each vessel. Out of the sev-
eral NF elements removed, a total of six elements were
subjected to autopsy and analyses [12]. The appear-
ance and foulant contents on both membrane surfaces
were the same and there was a remarkable reduction
in their flux along with a significant increase in salt
passage. Foulant deposits mainly consisted of organic
matters that were easily scraped off from the mem-
brane’s surface, however, leaving stubborn stains that
were difficult to clean even with strong chemical clean-
ing agents. Thus, leading to conclude that with long
operation period, these foulants strongly adsorbed
onto the membrane surface and became irreversible in
nature. The existence of organic foulants suggests the
urgent need and application of coagulation—filtration
pretreatment process using coagulant such as FeCls.
The foulant mainly consists of primary organic matter
which is far higher than the previously found value
for the lead element after one year of operation. This
indicates slow accumulation of organic matter on the
membrane surface. In short, it could be identified that
organic fouling is one of the main cause that deterio-
rate the NF membrane performance in terms of both
flux and salt rejection, especially specific salt rejection
(Table 4). This was also confirmed by pilot study on
NF membrane carried out with Gulf seawater, where
both feed side element as well as end element were
found to be fouled mainly by organic substances
within a period of two years.

Unlike the RO membranes, the NF membrane’s
specificity to rejection makes it difficult to deal with,
especially reduction in rejection of hardness ions such
as Ca and Mg during the operation. Moreover, these
ions are responsible for scaling which ultimately
decide the recovery ratio of SWRO system. Membrane
fouling tends to change the specific rejection proper-
ties of the membrane especially rejection of hardness
ions like Ca and Mg ions and to some extend to TDS
[11]. Fouling could be tackled by either prevention or
by remediation. Remediation measure is usually car-
ried out when fouling occurs on the membrane and is
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Results of autopsy of NF membranes and their individual performance

NF membrane details
Feed seawater source Red sea
Total operating period (years) 1

Operating flux (gfd) 25
Membrane position in the pressure vessel Lead
element

Foulant analyses results
Foulant/membrane area (mg/cm?) 0.52
Organic matter content in the foulant (%) 30.5
Protein and carbohydrate portion of organic matter -

(%)
Performance test results
Normalized flow (m’/h) 0.81
Product conductivity (uS/cm) 47,500
Product water analysis results
Ca (ppm) 192
Mg (ppm) 224
SO, (ppm) <2
TDS (ppm) 32,100
Chloride (ppm) 18,832

Gulf sea

5 2

15 22
End End Lead End
element element element element
0.15 0.7 0.82 0.22
18.3 73.5 69 91
- 10 3 37
1.22 0.51 1.0 1.29
43,000 54,500 51,800 51,500
56 366 372 353
39 933 642 688
<2 138 41 39
28,120 36,600 35,100 34,880
17,362 21,422 - -

done mostly by chemical cleaning. However, chemical
cleaning also was found to change the rejection prop-
erties of NF membrane and ultimately deteriorates NF
product quality which has significant effect on the
operation conditions of the desalination unit, whether
membrane or thermal. Although, it has been found
that the sulfate rejection does not change much: the
Ca, Mg, and TDS rejection do deteriorate with every
chemical cleaning. Hence, efforts are to be made to
avoid chemical cleaning or modify the membrane
chemical characteristics to overcome this problem. In
order to avoid cleaning, NF unit was operated in Gulf
seawater at moderate flux of 12gfd together with
occasional flushing with pretreated seawater on
monthly basis without chemical cleaning for more
than a period of twoyears [13]. Hence, proper selec-
tion of membrane, pretreatment as well as operating
conditions, especially flux may be adapted to control
fouling in NF membranes.

4. Conclusions

Long-term operation results of NF-SWRO plant at
Ummlujj proves that NF pretreatment of seawater
provides excellent feedwater SWRO which not only
increased the production but also extended the RO

membrane life. Also it avoided chemical cleaning of
RO membrane. However, the operation of NF suffered
initially due to fouling which was later on remedied
to have an acceptable chemical cleaning frequency
with slightly higher membrane replacement rate. It is
recommended to apply latest finding in NF design
and operation which shall not only reduce the chemi-
cal cleaning frequency but also the membrane replace-
ment rate.
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