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ABSTRACT

Forward Osmosis (FO) can be applied to recover water from the pre-treatment sludge of
seawater reverse osmosis process. This study investigated the effect of the concentration of
two draw solutions (MgCl2 and NaCl) in the reduction of Fe(OH)3 sludge volume and the
effect of cross flow velocity on flux through FO membrane. Higher the concentration of NaCl
and MgCl2 higher the water flux observed. However, the percentage increase was not signifi-
cant due to the occurrence of internal concentration polarisation. MgCl2 draws marginally
increased water flux than NaCl, when the conditions of feed and draw solutions were simi-
lar. Increase in cross flow velocity (from 0.25 to 1.0m/s) marginally changed the flux with
both draw solutions as higher cross flow velocities were unproductive to beat the external
CP effect along the membrane surface. However, at 1m/s, highest fluxes were obtained for
both draw solutions.
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1. Introduction

Pre-treatment is one of the most important
processes in a seawater desalination process. Seawater
is pre-treated to remove suspended particles, organic
matter and microorganisms. However, more research
and development is needed in this area as current
desalination industries experience various practical
issues. Generation of high volume of sludge is the
major practical issue in available pre-treatment meth-
ods. Sludge undergoes centrifugal process to reduce
its volume before being discharged during which high

amount of energy is consumed. Furthermore, disposal
and transportation of sludge accounts for more than
90% of the total operation and maintenance cost [1].
Therefore, reduced sludge volume undoubtedly
reduces the associated expenses in pre-treatment and
hence the total operational cost.

Osmotically driven membrane process, forward
osmosis (FO) or pressure retarded osmosis (PRO), is
believed to be a promising emerging technology to
reduce the volume of pre-treatment sludge. When a
diluted solution and a concentrated solution are
separated by a semi-permeable membrane, water
permeates through membrane from diluted solution*Corresponding author.
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to the concentrated solution due to the difference in
water chemical potential (osmotic pressure). As a
result, diluted solution (feed) gets concentrated
whereas concentrated solution (draw) gets diluted.
The driving force for the water permeation is the
osmotic pressure difference between the two solutions
and this phenomenon is called osmosis.

Fertiliser drawn FO desalination has been success-
fully applied in lab scale to dilute fertilisers while
concentrating saline ground water [2]. FO membranes
have been used to dilute seawater using secondary
wastewater effluent as draw solution, in order to
reduce the energy cost associated with desalination [3].
A few studies has been carried out to treat land fill
leachate, food industry effluent, and to increase the
water recovery of RO [4–6]. FO has been given a
significant attention over the past few years due its
superior characteristics such as high feed water
recoveries (up to �85%), operates at low or no hydrau-
lic pressure with a lower electrical consumption
(�0.25 kWh/m3 of product water) and lower
membrane fouling tendency compared to other
membrane treatments [7–9]. However, this technology
is still in the development stage either in bench scale
or pilot plant scale [10,11]. In the literature, there were

no research have been conducted to evaluate the
capability of FO to reduce the volume of pre-treatment
sludge of seawater reverse osmosis (SWRO) process.

Therefore, the effect of concentration of draw solu-
tion in the reduction of volume of Fe(OH)3 sludge that
is generated in the pre-treatment of SWRO process
and the effect of cross flow velocity on water flux are
investigated in this study. Furthermore, experimental
and theoretical water fluxes are compared using avail-
able literature.

2. Materials and methods

Flat sheet CTA membranes with a woven, embed-
ded support backing (average pore diameter of
0.74 nm [12]) were obtained from Hydration Technolo-
gies Inc, USA and Fe(OH)3 sludge (around 25% TS)

Table 1
Properties of initial seawater and sludge prior to the
membrane separation

Parameter Measurement

Seawater (collected near PSDP, Australia for pre-
treatment)

Suspended solids (mg/l) 30

Total dissolved solids (mg/l) 36,500

pH 8.17

Conductivity at 25˚C (mS/m) 5,100

Seawater (collected near Geelong, Australia for sludge
dilution)

Suspended solids (mg/l) 5.71

Total dissolved solids (mg/l) 33,433

pH 8.05

Conductivity at 22˚C (mS/m) 4,990

Fe(OH)3 sludge

Solids content (%TS) 4.04

pH 8.69a

Conductivity at 22˚C (mS/m) 5,150

Specific gravity 1.01

Note: aThe pH value of feed solution is slightly out of the recom-

mended range (4–8) for the operation of FO membrane. Though,

the salt rejection was not evaluated in this preliminary study.

(a)

(b)

Fig. 1. (a) Variation of conductivity (experimental data)
and osmotic pressure (OLI Stream Analyser software data)
and (b) viscosity (OLI Stream Analyser software data) of
selected draw solutions with corresponding molar
concentrations.
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was obtained from the perth seawater desalination
plant (PSDP), Australia. Prior to the membrane sepa-
ration, properties of feed (Fe(OH)3 sludge) and draw
solutions (NaCl and MgCl2) were measured and have
been summarized in Table 1 and Fig. 1. Since Fe(OH)3
sludge contains around 4% TS after dual media

filtration [1], seawater (Table 1) was used to dilute the
Fe(OH)3 feed from around 25% TS to around 4% TS.
Feed and draw solutions were passed through the
membrane at 0.25, 0.50 and 1.00m/s cross flow veloci-
ties in counter current flow configuration as it
provides constant osmotic pressure difference along

Fig. 2. Schematic diagram of the experimental setup (draw and feed solutions were maintained at room temperature).

Fig. 3. CP effect on the membrane during experiment (Dp, ICP and ECP denote osmotic pressure difference, ICP and
ECP, respectively. Bulk Dp is the osmotic pressure difference of initial draw and feed solution. Effective Dp is the actual
driving force which leads to actual water permeation (Jw) through membrane).
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the membrane cell. Sludge was circulated on the
porous side of the membrane to obtain a higher water
flux and stirred at a constant rate during the experi-
ment to eliminate settling of particles. Schematic
diagram of the experimental set up is given in Fig. 2.
Experiments were run at room temperature, which
was 22˚C with a coefficient of variation of 0.1. Experi-
ments were conducted carefully and single run was
performed at each operating condition. Change in the
weight of the draw solution was programmed to be
stored in a data logger at one minute time intervals.
Experimental water flux (Jw;e) was determined by;

Jw;e ¼ change in weight in timeDt
density of water� effective membrane area� Dt

ð1Þ

After 3 h of filtration, properties of the feed and
draw solutions were measured. Membrane was

cleaned using 0.5M NaCl and DI water in the oppo-
site mode prior to each experiment. Theoretical water
flux (Jw;t) was calculated and compared with that of
experimental value.

2.1. Theoretical water flux calculation

The driving force for the water permeation is
osmotic pressure difference of two solutions; hence
theoretical water flux through membrane can be calcu-
lated using Eq. (2) where A, pD;b, and pF;b are water
permeability coefficient, bulk osmotic pressure of
draw solution and bulk osmotic pressure of feed
solution, respectively.

Jw;t ¼ A pD;b � pF;b½ � ð2Þ

However, in an osmotic process, on the feed side
the polarised layer is more concentrated than bulk

Fig. 4. Change in water flux with filtration time at different concentrations of draw solution and different cross flow
velocities.
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solution (with feed solutes). On the other side
polarised layer is less dense than the bulk draw
solution (with draw solutes). This polarisation effect
governs the overall water flux through membrane
(Fig. 3). Therefore, in the presence of concentration
polarisation (CP), Eq. (2) can be modified as follows,
where kD and k are mass transfer coefficient in the
draw solution side and solute resistivity for diffusion
within the porous support layer, respectively.

Jw;t ¼ A pD;b exp
�Jw;t
kD

� �
� pF;b expðJw;tKÞ

� �
ð3Þ

First term in Eq. (3) accounts for the dilutive
external concentration polarisation (ECP) on the active
layer of the membrane and the second term accounts
for the concentrative internal concentration polarisa-
tion (ICP) within porous support layer. When the feed
solution is in contact with the support layer of the
membrane, the mode of filtration is called PRO mode
and when it is in contact with the active layer of the
membrane, the mode of filtration is called FO mode.
Thus, Eq. (3) is applicable for PRO mode.

3. Results and discussion

3.1. Effect of cross flow velocity on flux behaviour

Change in the water flux with elapsed time is
given in Fig. 4. Draw solution concentrations were
selected as 0.5, 1.0 and 1.5M. However due to lower
osmotic pressure of 0.5M NaCl (conductivity and pH
was 45.8mS/cm and 4.68, respectively) than that of
sludge, water permeated from draw solution to
sludge. Therefore flux behaviour at 2.0M NaCl as
draw solution was obtained to collect additional
data.

There was a significant flux decline during 3 h of
filtration despite the change in cross flow velocity or
draw solution concentration. When cross flow velocity
of feed and draw solutions were maintained at
0.25m/s, water flux with 1.0, 1.5 and 2.0M NaCl
draw solutions decreased after 3 h by 18, 28 and 15%,
respectively. At 0.5m/s of cross flow velocity, water
flux was fluctuated significantly with time for both
the draw solutions. Average fluxes were calculated at
corresponding cross flow velocity and draw solution
concentration as shown in Fig. 5.

When the cross flow velocity increased from 0.25
to 0.5m/s, there was no significant change in the flux.
However, there was a marginal increase in the water
flux, when the cross flow velocity was increased to
1m/s. Increase in the cross flow velocity could reduce
the dilutive ECP of the membrane due to increase in

turbulence along the membrane active layer surface.
However, effect of cross flow velocity on the dilutive
ECP is not significant due to inherent lower water flux
in FO membrane [11]. Marginal increase in water flux
could be due to this phenomenon. This was observed
at each concentration of draw solution. At lowest
concentrations of the draw solutions (0.5M MgCl2 and
1M NaCl) flux increased only by 4 and 2%, respec-
tively when cross flow velocity increased from 0.25 to
1m/s. However, water flux increased from 5.13 to
6.80 LMH (i.e. 33% increase) with the increase in cross
flow velocity from 0.25 to 1m/s at highest concentra-
tion of the draw solution (2M NaCl).

Higher concentration of draw solution could draw
higher amount of flux. However, the effect of dilutive
ECP along the dense side of the membrane will
become higher when the flux is higher which in turn
will reduce the flux. Lower than expected flux at
higher concentration of draw solution is explained by
this phenomenon. Thus, it is evident that effect of
cross flow velocity is not significant to change the
water flux from the feed that contained Fe(OH)3

(a)

(b)

Cross flow velociry (m/s)

Cross flow velociry (m/s)

Fig. 5. Average water flux as a function of cross flow
velocity at different concentrations of draw solution.
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sludge. Altering ECP by changing cross flow velocity
may affect the solute flux thorough FO membrane
[13]. However, solute flux was not examined in this
preliminary study.

3.2. Effect of ICP on water flux

Higher the concentration of draw solution higher
the flux obtained. Due to higher osmotic pressure of
MgCl2 solution than NaCl solution at the same molar
concentration, higher flux was expected from former
draw solution. However, there was no significant
increase in the flux. Higher draw solution
concentrations generate higher osmotic driving forces

and hence produce more water flux. However, higher
water fluxes increase the severity of concentrative ICP
as interface of porous support layer and dense layer
of the membrane gets more concentrated [14]. There-
fore, significant increase in flux could not be obtained
with increasing osmotic pressure. In order to evaluate
the flux behaviour in the presence of concentrative
ICP, water flux was plotted as a function of norma-
lised driving force, as shown in Fig. 6.

The logarithmic water flux trend in the plot
implies that higher normalsied driving forces caused
by higher draw solution concentrations weakening the
increment in water flux. This could be due to increase
in severity of concentrative ICP with increase in water
flux. Furthermore, viscosity of the draw solution and
diffusivity of the solutes controls the water flux
through membrane [13]. Viscosity of the MgCl2
solution is higher than NaCl solution (at a specific
molar concentration as shown in Fig. 1(b)) and
diffusivity of MgCl2 (1.05� 10�9m2/s) is lower than
NaCl (1.48� 10�9m2/s). This could result in CP effect
that would reduce the permeate water flux through
the membrane [13–16]. In a study on FO mode
conducted by Hancock and Cath [13], lower diffusion
coefficent of magnesium compared to sodium (as
draw solution) increased the severity of ICP and
higher viscosity of MgCl2 (at the same osmotic
pressure) increased the severity of ECP. As reported
elsewhere, one of the major negative impacts for
further development of osmotically driven membrane
process is the ICP [16].

Table 3
Coefficients used to solve Eq. (3)

Draw solution concentration (M)

0.5 1.0 1.5 2.0

kD-Mass transfer coefficient in the MgCl2 draw solution side (�10�5m/s)

At 0.25 m/s 1.1918 1.1918 1.1918

At 0.50m/s 1.4981 1.4981 1.4981

At 1.00m/s 4.9497⁄ 4.6700⁄ 4.3840⁄

kD-Mass transfer coefficient in the NaCl draw solution side (�10�5m/s)

At 0.25 m/s 1.5818 1.5818 1.5818

At 0.50m/s 1.9883 1.9883 1.9883

At 1.00m/s 7.1516⁄ 7.0762⁄ 6.9920⁄

A-Water permeability coefficient at 22˚C (�10�7m/s.atm) 2.3015

K-Solute resistivity for diffusion within porous layer (MgCl2) (�105 s/m) 2.8381

K-Solute resistivity for diffusion within porous layer (sludge) (�105 s/m) 2.0135

kD ¼ Sh�D
dh

where Sh, D and dh are Sherwood number, solute diffusion coefficient and hydraulic diameter, respectively.

Coefficient A obtained by running a RO experiment using the membrane

Note that all the experiments were run in PRO mode; ⁄turbulent flow.

Fig. 6. Permeate flux as a function of normalised driving
force,

pD;b�pF;b
pF;b

, where pD;b and pF;b are bulk osmotic pressure
of the draw and the feed solution, respectively.
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3.3. Comparison of experimental flux data with theoretical
values

Theoretical flux was calculated using Eq. (2)
(Table 2).

Performance ratio declines with the increase in
draw solution concentration despite the change in
cross flow velocity. Eq. (2) over predicts the flux as it
does not consider the CP effect and hence lower
performance ratio. However when Eq. (3) is used to
compute the flux we were unable to find a solution.
Our laboratory experiments produced the value for
water permeability coefficient (A) as 2.3015� 10�7

m/s.atm which did not allow the flux value to con-
verge while solving Eq. (3). When lower values were
used for A, Eq. (3) converged to obtain a value for the
flux. This needs further investigation. The values used
to solve Eq. (3) are shown in Table 3.

4. Conclusion

This study investigated the effect of the concentra-
tion of draw solution and cross flow velocity on the
reduction of Fe(OH)3 sludge volume through FO
membranes. Following conclusions were drawn after
the preliminary study.

(1) Increase in cross flow velocity (from 0.25 to
1.0m/s) could not significantly reduce the pres-
ence of ECP, hence marginal increase in flux
observed with increase in cross flow velocity.

(2) Higher the concentration of draw solution
higher the water flux obtained from the FO
process.

(3) Although MgCl2 has a higher osmotic pressure
than NaCl at the same molar concentration,
there were no significant differences in water
fluxes when MgCl2 and NaCl were used
as draw solutions. Higher viscosity of MgCl2
(draw) solution and lower diffusivity of MgCl2
(draw) solute control the water flux through
membrane as both increase the severity of inter-
nal as well as ECP.

However, FO technology appears to be a promis-
ing technology to reduce the volume of sludge with
further process developments.
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