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ABSTRACT

Recently, membrane pretreatment has been accepted as a technically and economically viable
alternative to conventional pretreatment in SWRO processes. MF, UF and NF membranes were used
in these pressure driven processes, with UF most commonly recommended. Amongst these, forward
osmosis (FO) driven process has been used in different water treatment operations including
membrane pretreatment of wastewater. In this study, the application of a FO driven membrane
process in seawater pretreatment was evaluated. This application is particularly important for small
autonomous RO desalination units as it eliminates the need for chemicals which are conventionally
used in pretreatment steps, the concomitant need for disposal of the chemical laden waste resulting
from the process, and the requirement of qualified expertise for unit operation. The performance of
commercially available FO membrane cartridges (Hydration Technologies Inc.) in terms of water
flux and salt flux was evaluated using tap water and seawater as feed. Refined sea salt was used for
preparing highly concentrated osmotic draw solutions at three salinity levels up to 100,000 ppm.
Profiles of water and salt fluxes versus osmotic draw solution concentrations were established and
analyzed. A conceptual system design for an integrated desalination unit consisting of a closed FO
and RO process was presented in which RO brine is used as the osmotic draw solution and thus the
chemical energy stored in the RO brine is recovered and utilized by the FO membrane process. In
addition, the energy contained in the excess RO brine pressure is used for brine circulation in the FO
process loop. The main operating parameters and relationships of the conceptual FO-RO system are
described.

Keywords: Forward osmosis; Seawater pretreatment; Membrane pretreatment; Autonomous RO
desalination units

1. Introduction pretreatment technology which has gained wide accep-
tance since its inception more than one decade ago. Unlike
conventional pretreatment, which is based on chemo-
mechanical processes and characterized by its sensitivity
to changes in raw water quality parameters such as tur-
*Corresponding author. bidity and chemical composition, membrane pretreatment

Membrane pretreatment of seawater/brackish water
prior toreverse osmosis (RO) desalination is an innovative
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does not rely on chemical processes or settling to remove
particles because the membranes physically block con-
taminants and other fouling materials from entering the
RO feed stream.

Several studies have been conducted to evaluate the
effect of membrane pretreatment on RO performance at
laboratory, pilot and full scale using different types of
membrane technologies [1-5]. Mostly, pressure driven
membrane processes using microfiltration (MF), ultra-
filtration (UF) and nanofiltration (NF) membranes were
used with UF most commonly recommended [6-8]. Also,
a forward osmosis (FO) driven process has been used for
membrane pretreatment of wastewater [9-11]. Generally,
the studies concluded that membrane pretreatment is a
technically and economically viable alternative to conven-
tional pretreatment in wastewater and seawater RO
desalination. The major advantage of membrane pre-
treatment is its ability to guarantee a high quality of RO
feed water independently of the raw feed water quality.
The high quality of feed water results in lower cleaning
requirements, higher flux rates and extended RO mem-
brane life and therefore reducing cost of desalinated
water.

For brackish water and specifically wastewater feeds,
UF/MF pretreatment resulted in much less fouling of RO
elements and reduced chemical usage [12]. For seawater,
NF pretreatment prevented RO membrane fouling and
scaling and offered an increase in production and
recovery, and cost savings in water production [13]. UF
provided water to seawater reverse osmosis (SWRO) with
a stable quality of Silt Density Index (SDI) values well
below 2 [14]. Significant reduction in fouling as expressed
in terms of SWRO flux decline was observed when UF
was used and this decline decreases with decreasing
membrane pore size [15]. The cost of membrane pre-
treatment, which was a prohibiting factor, became
comparable to the cost of conventional pretreatment on
average to bad feed water qualities and has lower capital
expenditures and other operating costs than conventional
pre-treatment [16,17].

The application of FO process in pretreatment of feed
water willimprove the overall desalination process in two
ways. While FO membranes are less susceptible to fouling
due to low pressure operation [18], the membrane pre-
treated feed has less fouling threats on RO system.
Membrane pretreatment eliminates the need for chemicals
which are conventionally used in pretreatment steps and
the concomitant need for disposal of the chemical laden
waste resulting from the process. It also simplifies process
operation and maintenance. The second improvement is
related to the process energy requirement. The potential
energy of RO brine could be recovered in the FO process.
Recovery of potential energy of RO brine for utilization in
the pretreatment process will result in lowering overall

energy requirement for desalination. This is particularly
important for desalination units installed in remote areas
where the energy cost represents even an greater share of
total desalination cost. Few projects have been imple-
mented for development of small-scale, stand-alone
desalination systems powered by renewable energy with
fresh water output in the range of 0.1 m’/d to 10m®/d [19,
20]. Among other aspects, these projects focused on
chemical pre-treatment minimization as a means of per-
formance enhancement of desalination units.

In this study, the application of a FO driven membrane
process in seawater pretreatment was evaluated. A con-
ceptual system design for an integrated small desalination
unit consisting of a closed FO and RO process is also
presented and analyzed.

2. Materials and methods
2.1. Membrane module description and specifications

A spiral-wound membrane cartridge manufactured by
Hydration Technologies (HTI), Albany, Oregon, was used
in the experiments. This cartridge is used in one of the
company’s products (HydroWell), which is basically
marketed as a portable passive water treatment device for
pathogen reduction. The membrane is cellulose triacetate
embedded on a polyester screen, which acts as a sup-
port. The rejection layer of the membrane is facing the
feed solution which is typically the dirty- or fouling-water
side. This mode of membrane orientation, called the FO
mode, is the primary orientation considered for water
treatment processes such as FO desalination [21]. The
cartridge has a diameter of about 75 mm and length of
305 mm and is made from only one 2.43-m-long mem-
brane leaf. The actual membrane area is 1.5 m2, but the
effective area could be estimated at only 1.0 m? after
accounting for area taken by glue lines. The pressure drop
in the membrane envelop is around 7 kPa/(1/h) while the
pressure drop in the open side (feed channel) is around
2 kPa/(1/h) for water at 20°C. The maximum pressure in
the membrane envelop should not exceed 70 kPa to avoid
gluebreaking. Fig.1 shows the cartridge configuration and
flow paths of liquids inside and outside the membrane

Fig. 1. Flow pattern in an unrolled HydroWell spiral-wound
cartridge. Arrows show flow path of osmotic solution in the
membrane envelope. Contaminated water flows tangentially
across outer side of the membrane envelope [22].
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envelop [22]. Similar membrane configuration was used in
an osmotic driven process by Mehta [23].

2.2. Experimental set-up

An experimental set-up was constructed for carrying
out the FO experiments. The HTImembrane cartridge was
placed in specially fabricated housing and was connected
to the draw solution (DS) and feed water flow loops.
Bourdon pressure indicators, variable area flow meters
(McMaster), conductivity and temperature probes (Ver-
nier Software & Technology) were installed at various
locations in the flow loops to monitor and collect data
during experimentation. Conductivity and temperature
data were stored in a personal computer (PC) every
0.2 min for the duration of each test using LabPro com-
puter interface provided by Vernier Software & Tech-
nology. A small gear pump (Greylor) and a submersible
centrifugal pump were used to recirculate the DS and feed
water, respectively. Heat emitted by the submersible
pump to the feed water was taken out by coolant (tap
water) flowing in a cooling coil. The temperatures of DS
and feed water were kept at 20+1°C by controlling the
flow rate of coolant. A schematic drawing of the experi-
mental set-up is illustrated in Fig. 2.

Water permeating through the membrane was carried
out along with the DS to reservoir B. The overflow from
reservoir B was consistently collected in a beaker placed
on a digital balance D (accuracy 1 g) and its weight was

e Conductivity probe

Flowmeter

O Temperature probe

Fig. 2. Experimental set-up used for membrane module test.
A, membrane module; B, osmotic solution reservoir; C, feed
water reservoir; D, beaker on digital balance.

recorded at 1-min time increments. This flow represents
the permeate volume. The change of weight on the
balance represents the permeate flux through the
membrane.

Bench-scale experiments were conducted to evaluate
membrane flux and salt rejection of the HTI membrane
cartridge under different concentrations of DS. Tap water
and seawater were used as feed waters. A volume of 181
feed water was stored in the feed water reservoir C.
During tests, reservoir C was replenished constantly with
tap water to keep the water in the reservoir at a constant
level. Pacific Ocean seawater (taken at Newport, Oregon)
was used in tests.

The osmotic draw solution was prepared using refined
table salt (99.9% NaCl) dissolved in tap water. Four con-
centrations of DS were tested. These concentrations are 35,
50, 75 and 100 g/1. After adding table salt to tap water, it
was observed that the clarity of solution was low, indi-
cating the presence of suspended solids. Therefore, the
solution was stored for 48 h to allow settling of the solids,
and the clear solution was drained thereafter. No filtration
was used. The duration of each experiment was 2 h. At the
end of each experiment, the DS and feed water were
flushed out of the setup and the membrane was cleaned.
Membrane cleaning was accomplished by allowing tap
water to flow in the system on both loops until no salt
residues were detected (i.e. until the conductivities of the
inletand outlet flows were equal). Under the conditions of
this study, it was observed that the membrane flux rate
under RO mode (i.e. by allowing tap water to flow under
pressure (100 kPa) on the membrane open side only) was
recovered up to a similarlevel as when the membrane was
first used.

The flow velocity of osmotic DS was limited by the
allowable maximum pressure in the membrane envelope.
Tests with the membrane cartridge indicated that the
pressure exceeds 35 kPa (5 psi) when the flow rate reached
0.31/min. Therefore, a flow rate of 0.251/min was selected
to assure safe operation of the membrane. The flow rate of
feed water was selected at 0.7 1/min which is almost three
times higher than the flow rate of DS. The feed water and
DS flow velocities were calculated as1 cm /sand 10 cm/s,
respectively.

2.3. Variation of concentration of draw solution

Since the DS volume was kept constant, and as water
permeated through the membrane, the DS gradually
diluted. The change in DS concentration with time is
easily determined using permeate volume measurement.
Let C,and V,_be the initial levels of DS concentration and
DS constant volume in the DS reservoir, respectively. Let
also V(At)) be the volume of water permeated at the ith
time increment, At Assuming full mixing of the perme-
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Fig. 3. Schematic representation of mass transfer between
draw solution and feed water loops of the system.

ated water with the DS in the reservoir, the principle of

conservation of mass gives the following (Fig. 3):

¢ At the end of the first time increment the amount of
salt remaining in the DS reservoir will be:

C(AL)V, =CV.—C(AL, )V (At)-] (At,)

« atthe end of second time increment:
C(AL)V, =C(AH)V,—C(At,)-] (At,)

+ and the end of ith time increment:
C(At)V. =C(At,, V. -C(AL,)V,(At) -] (AL,)

where ] (At)) is the salt flux from DS to the feed water
during ith time increment, and C(At,) is the solute con-
centration during ith time increment.

Therefore, the concentration of the OS at ith time
increment would be calculated as follows:

CAt V) (At) .
‘/C-l-Vp(Ati) o

C(A ti):

2.4. Salt transport from draw solution to feed water

Salt transport was measured in experiments with tap
water as the feed only. In the feed water loop, the salt
concentration increases as a result of the diffusion of ions
from the DS under high concentration gradient. The
reading of inlet conductivity probe represents the concen-

tration of salt in the bulk feed water, while reading of
outlet conductivity probe represents the concentration of
salt in the retentate before its mixing with the bulk feed
water in the reservoir. Salt concentration was calculated
based on conductivity data and calibration curves of
conductivity probes. The change of solute concentration in
any given period of time indicates the amount of salt flux
occurring during that time.

Let C;, C,; be the concentrations of feed water and
retentate at the end of first time increment, respectively.
Assuming these values represent average concentration
for this time increment, then the increase of amount of salt
in retentate during the first time increment will be (Fig. 3):

]s(A tl) =Cr1QoutA t _CleinA t

]s(A tl) :QinA tl(Crl _Cfl)_crlvp(A tl)

where Q,, and Q,, are feed water inflow and outflow
rates, respectively, and

V,(At)

— __°r
Qout Qm Atl

At the end of the second time increment:
IS(A tz):QmAtz(Crz _CfZ)_CrZVp(A tz)
At the end of the ith time increment:

]s(Ati):QinAti(Cri _Cfi):C V, (Ati)

re’p

3. Results and discussion
3.1. Effect of draw solution concentration on water flux

Figs. 4 and 5 show the relationships between permeate
water flux and draw solution concentration for tap water
and seawater, respectively. All the relationships show a
linear decrease in water flux from an initial highest value
corresponding to the highest concentration difference. Itis
expected that the water flux decreases with the decrease in
concentration difference because the osmotic driving force
is lower at lower concentrations. The concentration of
draw solution decreases as a result of permeation of water
from the feed water, while the concentration of feed water
increases as result of diffusion of salt from draw solution.
With tap water as feed water and at draw solution con-
centration of 75 g/1, the initial water flux obtained was
11.1 LMH (liters permeating 1 m* of membrane each hour)



O.A. Bamaga et al. / Desalination and Water Treatment 5 (2009) 183-191

10 16
(a) owrater flux 14
=) 9 azalt flux
w8 - 12
S 5 - 10
::.‘": L8 W
= B -6 B
=i R y=0173x+2153 | , 3
= R2=0.922 =
4 - =
3 T 1 1 1 1 O
10 15 20 25 30 35 40
Concentration difference, g/l
(c) 11 14
10 owater flux L. Wt
= 9 azalt flux W 2 =
w - 10 ‘\'g
: 8 - g blw
Eg - y=0.127x+3.204 6 b
< R2=0.973 -4 &
25 N
=8 4 ) - 2
3 T T T T O

10 20 30 40 50 60
Concentration difference, g/l

187

(b) 12 16

11 4 ©waterflux L 14
" 10 - 4saltflux L1253
« 27 - 10E
£ 8 -
= 5 | y=0.098x+4.161] 8
g 6 - R2=0966 | 6 2
g =
z 4 M2

3 T T T T T 0

10 20 30 40 50 60 70 80
Concentration difference, g/l

(d) 17 28

15 - owater flux %ﬁq&ﬁ% L 24
=) azalt flux o =
$ 13- : 40
= 11 - - 16
g =l
= y=0108x-4111 12 2
£ R2=0.963 5
B g A

3 . .

10 30 50 70 90

Concentration difference, g/l

110

Fig. 4. Profiles of permeate water flux and salt flux at draw solution initial concentrations of (a) 35 g/1, (b) 50 g/1, (c) 75 g/1, and

(d) 100 g/1 against tap water as feed.

[6.5 gfd (gallons permeating 1 ft* of membrane each hour)]
at an osmotic pressure difference of 53 atm and tempera-
ture of 20°C. This value is a little lower than the value
reported by McCutcheon et al. [24] at the same osmotic
pressure difference and at temperature of 50°C, which
was 11.9 LMH (7 gfd). With seawater as feed water the
initial water flux obtained was 6.7 LMH (4 gfd) when the
draw solution concentration was 75 g/1 which results in
osmotic pressure difference 28 atm. Other experimental
conditions are the same as with tap water. It could be
noted that at similar values of transmembrane pressure
differences, the water fluxes through osmotically driven
FO membranes are far less than water fluxes in pressure
driven RO membranes. Low water fluxes in FO mem-
branes were attributed to the structural characteristics of
the support layer of the membrane, such as thickness and
porosity, and chemical properties of its material, such as
hydrophobicity. The structure of support layer induces
internal concentration polarization which reduces the
effective osmotic driving force [21]. Membrane support
layer hydrophobicity significantly hinders water flux in
osmotically driven membrane processes and the mem-
brane support layer must fully wet to ensure effective
water transport [25].

Since the standard water flux models assume a linear
relationship between concentration (or osmotic pressure)

and water flux, it is expected that the linearity coefficients
will be similar for all concentration levels. However, data
analysis showed that the coefficients decreased signi-
ficantly with the increase in initial concentration of draw
solution. Therefore, the coefficients of regression lines
were presented vs. initial draw solution concentrations in
Fig. 6. This figure suggests the existence of an optimal
range of concentrations, beyond which the water flux only
increases marginally with any increase in concentration.
The higher salinity levels of draw solution reduce mem-
brane permeability coefficient [26] and therefore, impact
negatively on water flux.

Although it was expected that membrane fouling
agents present in seawater would cause lower flux values,
the data show that the type of feed water does not affect
water flux. For the same draw solution concentration
difference values, there were no significant differences
between water flux values achieved with tap water and
seawater. It should be noted that these tests were con-
ducted for short intervals of time and no attempt was
made to separate the flux decline component caused by
fouling from the flux decline component caused by the
osmotic driving force decrease. Also, under test con-
ditions, the influence of osmotic driving force is more
dominant on water flux decline because it kept decreasing
due to the dilution of draw solution and concentration of
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feed solution. Previous studies on FO membrane fouling
demonstrated a slower flux decline rate in FO than in RO
when treating wastewater concentrate [27], and FO mem-
brane fouling can vary from foulant to foulant depending
on intermolecular adhesion forces [ 28]. A systematic and
long-term studies are required to assess the fouling
behavior of seawater on FO membranes.

Since the high pressure seawater RO systems can
generate RO brine with concentrations between 60-70g/1,
the maximum water flux of FO membrane that can be
achieved using this brine as draw solution will not exceed
7 LMH (4 gfd) for seawater pretreatment, which is far less
than desired values for practical application . However, in
case of pretreatment of brackish water having concen-
trations less than 5000 ppm, a maximum water flux of
about 11 LMH (6.4 gfd) can be achieved with the same RO
brine.

3.2. Effect of draw solution concentration on salt flux

The transport models of salts across the membrane
assume that the salt flux is independent of water flux and
the transport is proportional to the concentration
difference. In the FO process, the water flow direction
across the membrane is opposite to the solute transport
direction, which implies that diffusion will be the domi-
nant transport type [25]. The salt flux profiles show the
same trends as water flux profiles (Fig. 4) for tap water as
a feed. It could be observed from this figure that at high
concentration gradient, the high water flux is coupled
with high salt flux and vice versa at low concentration
gradient; the low water flux is associated with low salt
flux.

The normalized salt flux, calculated as the ratio of salt
flux to water flux, was calculated and is presented in Fig. 7
against concentration gradients for all levels of initial
concentration of draw solution. There is no consistent
trend between normalized salt flux and concentration
gradients and also there is no significant difference
between average values of normalized salt flux at different
levels of initial concentration of draw solution. The
average normalized salt flux remained almost constant
and ranged between 1.4 to 1.5 g/1.

In a previous FO study on similar CTA membranes for
reclamation wastewater, it was observed that salt diffuses
from the draw solution the wastewater side at an average
rate of 300 mg NaCl for every liter of wastewater
recovered [11]. This value is much less than the value
observed in this study. The reason for this variation could
be linked to the difference in chemistry nature of feeds
used in both cases. The feed water in this study was tap
water with a very low concentration of TDS (35-50 ppm),
while the feed water used by Cath et al. was a synthetic
wastewater with concentration varied between 6.4 to
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19.2 g/1 (6,400 to 19,200 ppm). It is expected that concen-
tration polarization effects on the feed side of the
membrane will be more predominant under higher feed
water concentrations. Due to the concentrative effect on
the feed side, the concentration gradient decreases and
subsequently salt diffusion from the draw solution side
into feed side is retarded.

As a result of continuous loss of salt from the draw
solution, the osmotic driving force diminishes gradually.
It is necessary to add salt to the draw solution in the form
of high concentration brine and at the same rate of saltloss
to keep the concentration at constant level. Based on salt
transport data the FO system will require resupply of
1.5 kg salt to be added to the draw solution for each 1 m®
of product water. This amount of salt will be lost with feed
brine and cannot be recovered and therefore the cost of
saltlost and its environmental impact mustbe considered.

Although NF and MF membranes were most recom-
mended for RO pretreatment, these types of membranes
will not be suitable for use in FO pretreatment since the
loss of solute will be considerably high.

3.3. Design parameters of a conceptual integrated FO—-RO
system

A schematic representation of proposed components
of an integrated FO-RO system is shown in Fig. 8. The
system consists of one open-end loop for feed water and
one closed loop for the draw solution. The draw solution
loop connects the FO and RO subsystems. Due to expected
variations in water fluxes of the FO and RO subsystems
two reservoirs, B and E, are included in the draw solution
loop to function as buffer storage for flux variations. Salt
should be added regularly to the draw solution in a form

Quro
*q
Qypass ¢ 4 Qypm
>
Qo
f Q.u
C :
Qpro

Fig. 8. Main components and design parameters of a con-
ceptual integrated FO-RO system. A, FO module; B, FO
permeate reservoir; C, RO module; D, pressure exchanger;
E, RO brine reservoir; F, concentrated salt brine reservoir.

of highly concentrated brine to balance the loss in draw
solution concentration. The concentrated salt brine is
stored in reservoir F which is equipped with a flow
regulator to control the flow rate of the salt brine. Since
any autonomous desalination unit should be designed
with high energy efficiency, a pressure exchanger is
incorporated into the system for recovery of hydraulic
energy of the RO brine. In addition, the energy contained
in the excess RO brine pressure is used for elevating RO
brine to the draw solution reservoir, E, which is placed on
a higher level to the FO modules to take advantage of
gravity assisted flow.

The main design variables for an integrated FO-RO
system consisting of a closed loop are feed water and
draw solution concentrations, water and salt fluxes and
recovery rates for each subsystem. These parameters
should be correlated and optimized over a wide opera-
tional range to assure high performance operation of the
system. Many manufacturers produce small seawater RO
systems which were well tested and proved practical in
many applications and the parameters of these systems
are well established. The RO system parameters can be
considered as input parameters for further analysis and
optimization of the integrated FO-RO system. A high
recovery ratio for the FO system could be achieved either
by using several membrane elements arranged in series
arrangement or by flow circulation of draw solution and
feed water into the FO system. While increased number of
FO membrane elements insures higher production capa-
city, it will result in a long filtration channel that requires
higher pressure to maintain flow and therefore the
membrane envelope will be subjected to breaking risk. On
the other side, excessive circulation of fluids requires more
energy inputs for pumping. Therefore, the rate of circu-
lation and the number of FO membrane elements should
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be carefully balanced to achieve a system of reasonable
size and simplicity.

For steady operation of the system, the RO permeate
flux, Qp ro should be equal to the sum of FO permeate flux,
Q, ro and the flow rate of concentrated salt brine, Q, i.e.,

Qyro=Qpro + Qs
The flow rate of salt brine, Q,,, is calculated as follows:

]sFOQpFO +IsROQpRO
Csb

st=

where [ is the salt flux in the FO system per liter of
permeate water, g/1; ]z the salt flux in the RO system per
liter of permeate water, g/l and C,, is the concentration of
salt brine, g /1.

Also, the following equations were assumed for
calculating water recovery ratios of the FO, Ry, and RO,
Rgo subsystems, respectively.

QpFO
Rpo=
fFO
R. = QpRO
RO~ ~ .~
Quro+Qus

Considering the equations given above, the FO permeate
flux, Q,ro, and the FO recovery ratio, Ry, could be corre-
lated to the RO parameters as follows:

_QpRO(Csb_]sRO)
1™ Cat o)

— RRO(Csb_]sRo) st
" (1_RRO)(Csb+]sFO)QfFO

4. Conclusions

The application of the FO driven process in pre-
treatment of brackish and seawater prior to RO desali-
nation provides many advantages for small autonomous
RO desalination units. These advantages include reducing
RO fouling, recovery of osmotic energy of RO brine and
avoiding the use of chemicals required in conventional
pretreatment.

Tests with FO membrane cartridges using osmotic
draw solutions of refined sea salt showed a linear
decrease in water flux from an initial highest value cor-

responding to the highest concentration difference when
low concentrations of draw solution were used. However,
a nonlinear trend was observed between water flux and
concentration differences athigher concentrations of draw
solution suggesting the existence of an optimal range of
concentrations beyond its limit the water flux will only
increases marginally with any increase in concentration.

Since the high pressure seawater RO systems can
generate RO brine with concentrations between 60-70g /1,
the maximum water flux of FO membrane that can be
achieved using this brine as draw solution will not exceed
7 LMH (4 gfd) for seawater pretreatment. In the case of
pretreatment of brackish water having concentrations less
than 5000 ppm, a maximum water flux of 11 LMH
(6.4 gfd) can be achieved with the same RO brine.

The average normalized salt flux, which is the ratio of
salt flux to water flux, remained almost constant at dif-
ferent levels of initial concentration of draw solution and
ranged between 1.4-1.5 g/1. For a steady and continuous
FO-RO process, it is necessary to add salt to the draw
solution to keep the concentration at constant level. This
amount of salt will be lost with feed brine and therefore
the cost of salt and its environmental impact must be
considered. In view of low water flux and high slat loss of
currently available FO membranes, the FO-RO systems
would be suited only for desalinating water with high
fouling or scaling risk such as brackish and wastewater.

The main operating parameters and relationships of an
integrated FO-RO system in which the FO and RO
subsystems are connected in a closed loop are advised.
Further analysis and optimization of the operation para-
meters of the integrated FO-RO system is recommended,
and the results should be verified experimentally in a pilot
plant. New configurations for FO spiral wound mem-
branes that are intended to avoid glue breaking of the
membrane envelope are also recommended.

Acknowledgments

The first author gratefully thanks the Bureau of Edu-
cational and Cultural Affairs, United States Department of
State, for awarding him a postdoctoral fellowship and the
School of Chemical, Biological and Environmental Engi-
neering, Oregon State University, for hosting him and
providing support to conduct this research. Thanks are
also extended to Hydration Technologies Inc., Albany,
Oregon for providing membrane cartridges.

References

[1] S.Bou-Hamad, M. Abdel-Jawad, S. Ebrahim, M. Al-Mansour and
A. Al-Hijji, Performance evaluation of three different pretreatment
systems for seawater reverse osmosis technique, Desalination, 110
(1997) 85-91.



[2]

(3]

(4]

(5]

6]
[71

(8]

[9]

(10]

(11]

(12]

(13]

(14]

O.A. Bamaga et al. / Desalination and Water Treatment 5 (2009) 183-191

A. Teuler, K. Glucina and J. M. Laine, Assessment of UF pretreat-
ment prior RO membranes for seawater desalination, Desali-
nation, 125 (1999) 89-96.

AM. Hassan, AM. Farooque, A.TM. Jamaluddin, A.S. Al-
Amoudi, M.AK. A1-Sofi, A.F. Al-Rubaian, N.M. Kither, I.A.R.
Al-Tisanand A. Rowaili, A demonstration plantbased on the new
NE-SWRO process, Desalination, 131 (2000) 157-171.

A. Brehant, V. Bonnelye and M. Perez, Comparison of MF/UF
pretreatment with conventional filtration prior to RO membranes
for surface seawater desalination, Desalination, 144 (2002) 353—
360.

T.K. Chua, AM.N. Hawlader and A. Malek, Pretreatment of
seawater: Results of pilot trials in Singapore, Desalination, 159
(2003) 225-243.

V. Bonnélye, L. Guey and J. Del Castillo, UF/MF as RO pre-
treatment: the real benefit, Desalination, 222 (2008) 59-65.

J. Xu, G. Ruan, X. Gao, X. Pan, B. Su and C. Gao, Pilot study of
inside-out and outside-in hollow fiber UF modules as direct
pretreatment of seawater at low temperature for reverse osmosis,
Desalination, 219 (2008) 179-189.

J. Xu, G. Ruan, X. Chu, Y. Yao, B. Su and C. Gao, A pilot study of
UF pretreatment withoutany chemicals for SWRO desalination in
China, Desalination, 207 (2007) 216-226.

T.Y. Cath, A.E. Childress and M. Elimelech, Forward osmosis:
Principles, applications, and recent developments, ]. Membr. Sci.,
281 (2006) 70-87.

T.Y. Cath, V.D. Adams and A.E. Childress, Membrane contactor
processes for wastewater reclamation in space. II. Combined
direct osmosis, osmotic distillation, and membrane distillation for
treatment of metabolic wastewater, J. Membr. Sci., 257 (2005) 85—
98.

T.Y.Cath,,S. Gormly, V.D. Adams, E.G. Beaudry, M.T. Flynn and
A.E. Childress, Membrane contactor processes for wastewater
reclamation in space. I. Direct osmotic concentration as pre-
treatment for reverse osmosis, J]. Membir. Sci., 257 (2005) 111-119.
P. Glueckstern, M. Priel, A. Thom and Y. Gelman, Desalination of
brackish fish pond effluents — pilot testing and comparative
economic evaluation of integrated UF-RO systems vs. conven-
tional systems, Desalination, 132 (2000) 55-64.

A.D. Khawaji, LK. Kutubkhanah and ].M. Wie, Advances in sea-
water desalination technologies, Desalination, 221 (2008) 47—69.
G. Pearce, S. Talo, K. Chida, A. Basha and A. Gulamhusein,
Pretreatment options for large-scale SWRO plants: case studies of
UF trials at Kindasa, Saudi Arabia, and conventional pretreatment
in Spain, Desalination, 167 (2004) 175-189.

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

191

M. Kumar, S. Adham and W. Pearce, Investigation of seawater
reverse osmosis fouling and its relationship to pretreatment type,
Environ. Sci. Technol., 40 (2006) 2037-2044.

F. Knops, S. van Hoof, H. Futselaar and L. Broens, Economic
evaluation of a new ultrafiltration membrane for pretreatment of
seawater reverse osmosis, Desalination, 203 (2007) 300-306.

G.K. Pearce, UF/MF pre-treatment to RO in seawater and
wastewater reuse applications: a comparison of energy costs,
Desalination, 222 (2008) 66-73.

J.R. McCutcheon, R.L. McGinnis and M. Elimelech, Desalination
by a novel ammonia—carbon dioxide forward osmosis process:
influence of draw and feed solution concentrations on process
performance, J. Membr. Sci., 278 (2006) 114-123.

U. Seibert, G. Vogt, C. Brennig, R. Gebhard and F. Holz, Auto-
nomous desalination system concepts for seawater and brackish
water in rural areas with renewable energies—potentials,
technologies, field experience, socio-technical and socioeconomic
impacts—ADIRA, Desalination, 168 (2004) 29-37.

C. Epp and M. Papapetrou, Co-ordination action for autonomous
desalination units based on renewable energy systems—
ADU-RES, Desalination, 168 (2004) 89-93.

J.R. McCutcheon and M. Elimelech, Influence of concentrative and
dilutive internal concentration polarization on flux behavior in
forward osmosis, J. Membr. Sci., 284 (2006) 237-247.

Hydration Technologies, Inc., Forward osmosis, White paper
Osmotic water purification devices, 2003.

G.D. Mehta, Further results on the performance of present-day
osmotic membranes in various osmotic regions, ]. Membr. Sci., 10
(1982) 3-19.

J.R. McCutcheon, R.L. McGinnis and M. Elimelech, A novel
ammonia-carbon dioxide forward (direct) osmosis desalination
process, Desalination, 174 (2005) 1-11.

J.R. McCutcheon and M. Elimelech, Influence of membrane
support layer hydrophobicity on water flux in osmotically driven
membrane processes, ]. Membr. Sci., 318 (2008) 458—466.

SM.S. Ghiu, RP. Carnahan and M. Barger, Permeability of
electrolytes through a flat RO membrane in a direct osmosis
study, Desalination, 144 (2002) 387-392.

B.Mi and M. Elimelech, Chemical and physical aspects of organic
fouling of forward osmosis membranes, ]. Membr. Sci., 320 (2008)
292-302.

R.W. Holloway, A.E. Childress, K.E. Dennett and T.Y. Cath,
Forward osmosis for concentration of anaerobic digester con-
centrate, Water Res., 41 (2007) 4005-4014.



