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ABSTRACT
The present work aims to study the possibility of utilization a forward osmosis desalination process as an
alternative method to extract water from brine solution rejected from reverse osmosis process.
Experiments conducted in a laboratory–scale forward osmosis (FO) unit in cross flow flat sheet
membrane cell yielded water flux ranging from (0.0315 to 0.56 L/m2.min) when using CTA membrane,
and ranging from (0.419 to 2.785 L/m2.min) for PA membrane under 0.4 bar. Two possible membrane
orientations were tested. Sodium chloride with high concentrations was used as draw solution solute. The
effect of membrane orientation on internal concentration polarization (ICP) was studied. Two regimes of
ICP; dilutive and concentrative were described and characterized and their governing equations were
applied. Also the effect of draw and feed solution concentrations and flow rate were studied. It was found
that the experimental water flux were lower than the theoretical water flux. Using of PA membrane under
pressure was resulted in a higher flux of desalinated water than when CTA used alone without pressure
under the same operating conditions.
Keywords: desalination; Forward osmosis; concentration polarization; Reverse osmosis; internal
concentration polarization.

ﺍﺳﺘﺮﺟﺎﻉ ﺍﻟﻤﺎء ﻣﻦ ﺍﻟﻤﺤﺎﻟﻴﻞ ﺍﻟﻤﻠﺤﻴﺔ ﺑﺎﺳﺘﺨﺪﺍﻡ ﻋﻤﻠﻴﺔ ﺍﻟﺘﻨﺎﺿﺢ ﺍﻻﻣﺎﻣﻲ
 ﺳﻤﺮ ﻳﻮﺳﻒ ﻋﻴﺴﻰ، ﻧﺠﻮﻯ ﺻﺎﺑﺮ ﻣﺠﻴﺪ،ﻣﺎﺟﺪ ﺍﺑﺮﺍﻫﻴﻢ ﻋﺒﺪ ﺍﻟﻮﻫﺎﺏ

ﺍﻟﺨﻼﺻﻪ
ﺍﻥ ﻫﺪﻑ ﺍﻟﻌﻤﻞ ﺍﻟﺤﺎﻟﻲ ﻫﻮ ﺩﺭﺍﺳﺔ ﺍﻣﻜﺎﻧﻴﻪ ﺍﻻﺳﺘﺨﺪﺍﻡ ﻭﺍﻻﺳﺘﻔﺎﺩﻩ ﻣﻦ ﻋﻤﻠﻴﻪ ﺍﻟﺘﻨﺎﻓﺬ ﺍﻻﻣﺎﻣﻲ ﻓﻲ ﻋﻤﻠﻴﺎﺕ ﺍﻟﺘﺤﻠﻴﻪ )ﺍﺯﺍﻟﻪ ﺍﻟﻤﻠﻮﺣﻪ( ﻛﻄﺮﻳﻘﻪ ﺑﺪﻳﻠﻪ
ﺍﺟﺮﻳﺖ ﺍﻟﺘﺠﺎﺭﺏ ﻓﻲ ﺍﻟﻤﺨﺘﺒﺮ ﺑﺄﺳﺘﻌﻤﺎﻝ ﻭﺣﺪﻩ ﺍﻟﺘﻨﺎﻓﺬ ﺍﻻﻣﺎﻣﻲ ﻓﻲ. ﻻﻧﺘﺰﺍﻉ ﺍﻟﻤﺎء ﻣﻦ ﺍﻟﻤﺤﻠﻮﻝ ﺍﻟﻤﻠﺤﻲ ﺍﻟﻤﺮﻓﻮﺽ ﻣﻦ ﻭﺣﺪﺍﺕ ﺍﻟﺘﻨﺎﻓﺬ ﺍﻟﻌﻜﺴﻲ
 ﺩﻗﻴﻘﻪ ﻋﻨﺪ ﺍﺳﺘﻌﻤﺎﻝ2ﻡ/ ﻟﺘﺮ0.56 ﺍﻟﻰ0.0315 ﺟﺮﻳﺎﻥ ﻣﺘﻘﺎﻁﻊ ﺑﺄﺳﺘﻌﻤﺎﻝ ﺍﻏﺸﻴﻪ ﻣﺴﺘﻮﻳﻪ ﻓﻲ ﺧﻠﻴﻪ ﺍﻭﺯﻣﻮﺯﻳﻪ ﺍﻧﺘﺠﺖ ﻣﻌﺪﻝ ﺗﺪﻓﻖ ﻣﺎء ﺗﺮﺍﻭﺡ ﺑﻴﻦ
 ﻋﻨﺪ ﺍﺳﺘﻌﻤﺎﻝ ﺍﻟﻐﺸﺎء ﺍﻟﺘﺠﺎﺭﻱ ﻟﻮﺣﺪﺍﺕ ﺍﻟﺘﻨﺎﻓﺬ ﺍﻟﻌﻜﺴﻲ ﺗﺤﺖ ﺿﻐﻂ ﻣﺴﻠﻂ2.785  ﺍﻟﻰ0.419  ﻭﻣﻌﺪﻝ ﺗﺪﻓﻖ ﺗﺮﺍﻭﺡ ﺑﻴﻦ.ﻏﺸﺎء ﺍﻟﺘﻨﺎﻓﺬ ﺍﻻﻣﺎﻣﻲ
 ﺗﻢ ﺍﺧﺘﻴﺎﺭ ﻭﺿﻌﻴﻦ ﻣﻤﻜﻨﻴﻦ ﻻﺗﺠﺎﻩ ﺍﻻﻏﺸﻴﺔ. ﺗﻢ ﺍﺳﺘﻌﻤﺎﻝ ﻛﻠﻮﺭﻳﺪ ﺍﻟﺼﻮﺩﻳﻮﻡ ﺑﺘﺮﺍﻛﻴﺰ ﻣﺨﺘﻠﻔﺔ ﻟﺘﺤﻀﻴﺮ ﻣﺤﻠﻮﻝ ﺍﻟﻠﻘﻴﻢ ﻭ ﻣﺤﻠﻮﻝ ﺍﻟﺴﺤﺐ. ﺑﺎﺭ0.4
ﻭ ﺗﻤﺖ ﺩﺭﺍﺳﺔ ﺗﺄﺛﻴﺮ ﺍﺗﺠﺎﻩ ﻭﺿﻊ ﺍﻟﻐﺸﺎء ﻋﻠﻰ ﺍﺳﺘﻘﻄﺎﺏ ﺍﻟﺘﺮﻛﻴﺰ ﺍﻟﺪﺍﺧﻠﻲ ﻭﺗﺎﺛﻴﺮ ﺗﺮﺍﻛﻴﺰ ﻣﺤﺎﻟﻴﻞ ﺍﻟﻠﻘﻴﻢ ﻭﺍﻟﺴﺤﺐ ﻭﻣﻌﺪﻝ ﺍﻟﺠﺮﻳﺎﻥ ﺍﻟﺤﺠﻤﻲ ﻟﻠﻤﺎء
 ﻭﺟﺪ ﺑﺄﻥ ﻣﻌﺪﻝ ﺗﺪﻓﻖ ﺍﻟﻤﺎء ﺍﻟﺘﺠﺮﻳﺒﻲ ﻛﺎﻥ ﺍﻭﻁﺄ ﻣﻦ ﺍﻟﻤﺘﻮﻗﻊ ﺑﺎﻻﺳﺘﻨﺎﺩ ﻋﻠﻰ ﺍﺧﺘﻼﻑ ﺍﻟﻀﻐﻂ.ﻋﻠﻰ ﻣﻌﺪﻝ ﺗﺪﻓﻖ ﺍﻟﻤﺎء ﺍﻟﻤﺤﻠﻰ ﺍﻟﺨﺎﺭﺝ
 ﻭﺗﻢ ﺍﻟﺤﺼﻮﻝ ﻋﻠﻰ ﻣﻌﺪﻝ ﺗﺪﻓﻖ ﻣﺎء ﺍﻋﻠﻰ ﻋﻨﺪ ﺍﺳﺘﺨﺪﺍﻡ ﺍﻏﺸﻴﻪ ﺍﻟﺘﻨﺎﻓﺬ.ﺍﻻﻭﺯﻣﻮﺯﻱ ﻟﻤﺤﺎﻟﻴﻞ ﺍﻟﺴﺤﺐ ﻭﺍﻟﻠﻘﻴﻢ ﻭﻧﻔﺎﺫﻳﻪ ﺍﻻﻏﺸﻴﻪ ﻟﻠﻤﺎء ﺍﻟﻨﻘﻲ
.ﺍﻟﻌﻜﺴﻲ ﺗﺤﺖ ﺍﻟﻀﻐﻂ ﻣﻘﺎﺭﻧﻪ ﺑﺄﺳﺘﻌﻤﺎﻝ ﺍﻏﺸﻴﻪ ﺍﻟﺘﻨﺎﻓﺬ ﺍﻻﻣﺎﻣﻲ ﺑﺪﻭﻥ ﺿﻐﻂ ﻋﻨﺪ ﻧﻔﺲ ﺍﻟﻀﺮﻭﻑ ﺍﻟﺘﺸﻐﻴﻠﻴﻪ
. ﺍﺳﺘﻘﻄﺎﺏ ﺍﻟﺘﺮﻛﻴﺰ ﺍﻟﺪﺍﺧﻠﻲ، ﺗﻨﺎﺿﺢ ﻋﻜﺴﻲ، ﺍﺳﺘﻘﻄﺎﺏ ﺍﻟﺘﺮﻛﻴﺰ، ﺗﻨﺎﺿﺢ ﺍﻣﺎﻣﻲ، ﺗﺤﻠﻴﺔ:ﻛﻠﻤﺎﺕ ﺍﻟﺒﺤﺚ
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by changing the feed and draw solution
concentrations for different cross flow velocities.

1-INTRODUCTION
Desalination technologies, particularly the reverse
osmosis (RO) process, have increasingly been
adopted to produce fresh water from alternative
sources such as sea water and brackish water due
to water scarcity. However, desalination
applications have always been limited by the
disposal costs of produced concentrated waste
brine, Tang and Ng, 2008.

2-MATERIALS AND METHODS
2.1Feed and draw solution
The feed and draw solution were prepared using
distillated water and sodium chloride which is the
only solute used since it is easily characterized for
osmotic pressure and diffusion coefficient.Feed
solution concentration rang from (5 to 15 g/l) and
draw solution concentration rang from (35 to 200
g/l).

In RO-typical plant sea water recoveries are
between 35-50%.The remaining salt solutions,
now concentrated brine is discharged back to the
sea or limited its use to the coastal areas while
brine from brackish ground water desalination
plant cannot be disposed of inland in an
economical manner, Mucutchean et al, 2005.
Forward osmosis (FO) is a modern water
treatment process that potentially can be used as
an alternative for both traditional desalination and
brine disposal technologies due to its less energy
requirement. The major limiting factor that
affecting the FO system performance is the
permeate flux decline due to the concentration
polarization. Normally, there are two types of
concentration polarization exist in the FO unit on
both sides of the membrane. The external
concentration polarization occurs on the side of
the active layer whereas the internal concentration
polarization occurs on the side of porous support
layer.In the present study, two different types of
membrane were tested. The first was commercial
available forward osmosis membrane from
product sea pack supplied by Hydration
Technologies Inc. The active layer is made up of
cellulose triacetate while the support is made of
non-woven polyester fibers individually coated
with polyethylene. The second membrane
testedwas commercial thin film composite
polyamide membranes (TFC). TFC membranes
consist of a thin active layer of polyamide cast a
thicker supporting layer of polysulfone
(2ndmercosur
conference
on
chemical
engineering). The aim of the present work is to
study the effect of different membranes and
membranes orientation as a parameter affecting
the flux and polarization in the desalination units

2.2 Forward osmosis membrane
Two types of semi permeable membranes were
used for this module. The first membrane is a
cellulose triacetate membrane which is the only
practicalFO membrane with Pore size 3-5, salt
rejection 97%, and membrane thickness less than
50µm at Maximum operating temperature 50 oC.
The second membrane which is the spiral-wound
membrane elements (spiral –wound RO elements)
used for the domestic reverse osmosis units, with
maximum operating 6.9 Mpa, free chlorine
tolerance <0.1 ppm, pH range, at continuous
operation
2-11withmaximum
operating
o
temperature 80.55 C.
The experiments were conducted using specially
designed cross-flow membrane cell which has
asymmetric channel on each side of membrane.
For each channel, the dimensions are 2.5, 12, 17
cm for height, width and length respectively
providing an effective membrane area of 204 cm2.
The semi-permeable membrane in a flat sheet
module was positioned vertically between the two
compartments, co-current flow is used, and mesh
spacers were inserted within both channels to
improve support of membrane as well as to
promote
turbulence
and
mass
transferwherecontrolled by variable speed
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centrifugal pumps which is used to circulate
liquids in closed loop into feed tank and draw
solution tank of volume 10 lit, and the flow rate
were measured with a flow meter at range (10 to
20) lit/min. Fig. (1) represents the Schematic
diagram of flat sheet forward osmosis process.

Journal of Engineering

2.5Cleaning of the membrane
Membrane cleaning procedure was developed to
remove scale deposits from membrane surface and
system (e.g. tubing and membrane cell).
The cleaning method used was osmotic back
washing; it was investigated for this process. The
draw solution was replaced with deionized water
and the feed solution was replaced with draw
solution
of 100 g/lit. Both streams were recirculated on either side of the membrane for 20
min, by reversing the flow of water through the
membrane and removing solid reversibly
deposited on the membrane surface subsequently.
Each side of the membrane was thoroughly rinsed
with deionized water and the feed solution and
draw solution were re-introduced and recirculated on their respective sides of the
membrane.

2.4 Experimental procedure
Forward osmosis runs were conducted using both
possible orientations for both membranes. In the
first run orientation, the draw solution faced the
support layer and the dilute feed is on the active
layer, this is the typical orientation in FO. In the
other orientation the draw solution was put against
the active layer, and the more dilute feed solution
was put against. No hydraulic pressure was
applied on either sides of the membrane in all of
the runs for FO membrane in the present study.
Polyamide membrane cannot work without
applying hydraulic pressure, therefore, a pressure
of 0.4 bar was found sufficient to withstand the
thick support layer of the membrane. The water
flux was obtained by calculating the change in
concentration of feed solution by conductivity
meter during each run. As water permeated
through the membrane from the feed to the draw
solutions, the weight of the feed solution side
decreased with time. Water flux (JW) can be
calculated from Eq. (1):

3. THEORY
3.1Modeling
polarization.

flux

and

concentration

The water flux, JW, of the FO process is based on
the differential flux across the membrane selective
layer and is typically represented by the osmoticpressure model, given as

Where
is the effective osmotic
pressure difference across the selective layer of
the FO membrane, σ is the reflection coefficient.
Eq. 3 predict flux as a function of driving force
only in absence of concentrative and dilutive ECP,
when permeate flux is very low.When flux rates
are higher, however Eq. 3 must modify to include
the concentrative and dilutive ECP, Tang and Ng,
2008.

At the end of each experiment, the recovery of the
membrane was calculated by dividing the overall
volume of permeate (calculated from the total
weight decrease of the feed solution) by the initial
volume of feed solution.

Where VP is the overall volume of permeate and
VFis the initial volume of feed solution. After each
run cleaning method was applied.

3.2Concentrative and dilutive external
concentration polarizations
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Concentrative ECP is a phenomenon, where the
convective water flow drags solute from the bulk
solution into the surface of the rejecting active
layer. Water permeates this layer leaving the
solute behind in higher concentration in order for
water flux to occur.
By using boundary layer film theory determining
the membrane surface concentration, begins with
the calculation of the Sherwood number for the
appropriate flow regime in a rectangular channel:

(8)
Here, πD,mand πD,bare the osmotic pressures of the
draw solution at the membrane surface and in the
bulk, respectively.
Equation (3) was modified to include both the
concentrative and dilutive ECP:

Here,Re is the Reynolds number,Sc the Schmidt
number,dh is the hydraulic diameter and L is the
length of the channel. The Mass transfer
coefficient, k, is related to Shby

3.3Internal concentration polarization
Concentrative ICP when the feed is placed
against the support layer of an asymmetric
membrane. Water enters the porous support layer
and diffuses across the active layer into the draw
solution. The salt in the feed freely enters the open
structure as it is transported into this layer by
convective water flow. The salt cannot easily
penetrate the active layer from the supported layer
side and therefore increases in concentration
within the porous layer, this is referred to as
concentrative ICP.

(Laminar flow) (4)
(Turbulent flow) (5)

(6)
Where D is the solute diffusion coefficient. The
mass transfer coefficient is then used to calculate
what is called the concentrative ECP modulus:

Lee et al, 1981, derived an expression modeling
this phenomenon in PRO, which this expression
describes ICP effects and how they relate to water
flux and other membrane constants:

(7)
Where JW is the experimental permeate water flux,
and πF,mand πF,bare the osmotic pressures of the
feed solution at the membrane surface and in the
bulk, respectively.

Here, B is the salt permeability coefficient
of the active layer and K is the solute resistivity
for diffusion within the porous support layer,
defined by

The exponent in Eq.(7) is positive because
πF,m>πF,b, McCutcheon and Elimelech, 2006.

(11)
Dilutive ECP is a phenomenon similar to
concentrative ECP except that in this case,
convective water flow is displacing and dragging
the dissolved draw solute away from the
membrane surface on the permeate side of the
membrane, this reduces the effective driving force
of the draw solution.

Where Dis the diffusion coefficient of the solute,
and t, τ, and ε are the thickness, tortuosity, and
porosity of the support layer, respectively. Kis a
measure of how easily a solute can diffuseinto and
out of the support layer and thus is a measure of
the severity of ICP.
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When assuming that the salt permeability is
negligible (i.e. B=0, σ = 0) and the equation is
rearranged, an implicit equation for the permeate
water flux is obtained:

For membranes which reject salt to a highflux, Bis
negligible compared to the other terms in Eq.(10),
and ignoring the salt flux in the direction of water
flux and any passage of salt from the permeate
(draw solution) side. Upon rearrangement, flux
can be solved for implicitly from Eq. (10):

(12)

Here, πD,bis now corrected by the dilutive
ICP modulus, given by

Eq. (12) defines water flux as a product of the
water permeability coefficient and the effective
osmotic driving force. The exponential term is a
correction factor that can be considered the
concentrative ICP modulus, defined as

Where πD,iis the concentration of the draw
solution on the inside of the active layer within
the porous support. The negative exponent is
indicative of dilution at this point, or πD,i<πD,b.
McCutcheon and Elimelech, 2006.
By substituting equation (7) into eq. (16), result

(13)
Where πF,iis the osmotic pressure of the feed
solution on the inside of the active layer within
the porous support.

(17)

The exponent in equation (13) is positive because
πF,i>πF,b.

4. RESULT AND DESCUSION
Eq. (12) requires the input of a membrane surface
concentration on the permeate side of the
membrane in order to predict flux. Since this
value is not measurable, by substitute eq. (8) into
eq. (12) to obtain analytical model for effect of
ICP and ECP on the permeate water flux which
includes only measurable quantities:

4.1The Effect of Time on Water Flux
Fig. (3) Shows the variation of water
fluxes with time for CTA membrane in which
feed solution facing the active layer of the
membrane. It can be observed that the flux was
declined after 30 min of operation and a steady
state is quickly reached for all experiments due to
the decrease in osmotic driving force caused by
the draw solution concentration loss and the scale
formation on the membrane. This conclusion
agrees with the investigation of Tang and Ng,
2008.

(14)
Dilutive ICP when the feed solution is against the
active layer and the draw solution is against the
backing layer, as in this case of FO desalination,
the ICP phenomenon now occurs on the permeate
side, this phenomena define as dilutive ICP since
the draw solution is diluted by the permeate water
within the porous support of the membrane,
McCutcheon and Elimelech, 2006.
Lee et al [4], derived an expression modeling this
phenomenon in FO mode:

4.2The Effect of Feed and Draw Solutions
Concentration
Figures (4) and (5) show the effect of the feed and
draw solutions concentration on the flux rate. The
data in fig.4 indicate that as increasing in feed
solution concentration the permeate water flux
decreases due to decreasing in driving force
1023

Majid Iibrahim Abdulwahab
Najwa SaberMajeed

Water Recovery from Brine Solution by Forward Osmosis Process

Samar YousifIssa
between bulks feed and draw solution
concentrations and as shown in Fig.5 as a result of
the increase of osmotic driving force over the
membrane, the water flux rose with an increase
inthe draw solution concentration. This conclusion
agrees with the investigation of Chio, 2009.

compared to the effects of dilutive internal
concentration polarization. In order to minimize
the membrane-fouling effects the feed is made
facing the active layer in the typical membrane
desalination configuration MuCutcheon et al,
2006.

4.3 The Effect of Flow rate

4.5 Comparison between Membranes

Fig. 6 shows the effect of flow rate on flux rate at
different draw solution for fixed feed solution.
Increasing cross flow velocity (increase shear
stress) results in a higher flux by decreasing
concentration polarization Chio, 2009, The flow
in all experiments was turbulent which cause a
reduction in flow can reduce the external
concentration polarization leading to facilitate the
diffusion of the concentrated solute back into bulk
solution (MuCutcheom and Elimelech, 2008).

Fig. 8 shows water flux with time for different
types of membranes. It can be seen that the use of
polyamide membrane without applying pressure
has very little flux, because of the thick support
layer.Fig.8 indicates that the cellulose triacetate
FO membrane made by HTI is superior to RO
membranes when using without applying pressure
operated in FO mode. The polyamide membrane,
therefore, should be used under pressure enough
to overcome the thick support layer to get clear
and good result.

4.4 Membrane Orientation Effect
4.6 Membrane Hydraulic Permeability
Fig. 7 and table 1 show the influence of
membrane orientation on flux rate for the runs
using CTA membrane. When the feed solution
facing the active layer of the membrane, lower
flux was recorded than that in the case when the
feed solution facing the support layer, even
ifsimilar osmotic pressure differences between
bulk feed and the bulk draw solutions were
applied in all experiments.

The general equation to represent the water flux
across a semi permeable membrane when osmotic
pressure is the driving force,

J=Aσ∆P

(18)

Where, J is the water flux, σ is the reflection
coefficient (usually assumed to equal 1), and the
driving force (∆p) is the difference in osmotic
pressures across the membrane between the draw
and feed solution sides. The water permeability
coefficient (A) is a measure of how easily water
can transport across the membrane.

This conclusion agrees with the investigation of
Cornelissenet al, 2008. This was attributedto the
difference in the effective osmotic pressure
difference, due to the dilutive internal
concentration polarization when the active layer
facing the feed solution, and when the active layer
faced the draw solution, in this case, the
difference in the effective osmotic pressure due to
the
concentrative
internal
concentration
polarization. The effects of concentrative
concentration polarization were less severe

Water
permeability
was
experimentally
determined using a hydraulically pressurized RO
cross flow filtration cell. The flux of pure water
through the membrane was determined under a
range of pressures, membrane hydraulic
permeability was determined from the curve slope
which is 1.15 lit/m2.min as shown in Fig.9.
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pressuredifference; the effect of concentrative ICP
is greater than dilutive ICP

4.7The Performance Ratio
The performance ratio is defined as the
experimental water flux divided by the theoretical
water flux. This ratio is equivalent to the
percentage of the bulk osmotic pressure difference
that is effectively generating water flux across the
forward osmosis (FO) membrane. The theoretical
water flux was calculated from eq. (3). Table 2
and 3 summarizes the FO experimental data for
both CTA and PA membranes, including the feed
and draw solution concentrations used, the
corresponding osmotic pressures and the osmotic
pressure difference (∆π), the calculated
(theoretical) water flux based on the osmotic
pressure difference, the measured water flux, and
the performance ratio. The result demonstrate, the
measured water flux was lower than the
theoretical flux and the performance ratio
decrease with increasing the draw and feed
solution concentration due to an increase in the
severity of the internal CP which is compatible
with the conclusions of MuCutcheon et al, 2006.

4. Increasing cross flow velocity result in a higher
flux by decreasing concentration polarization.
5. Two regimes in which internal concentration
polarization can occur were defined; dilutive and
concentrative. Membrane orientation was shown
to have a significant impact on performance due
to the difference in these regimes, where the
highest recoveryattained for both FO and RO
membranes under the feed pressure of 0.4 bar was
for feed faced support layer under their time
operation.
6. The result further revealed that the PA
membrane without using a pressure on feed side
are not suitable for FO process, because of
relatively low product water flux is (0.037 L/m2
.min) compared to FO membrane water flux of
(0.072 L/m2 .min) under the same operating
conditions.
7. The performance ratio was observed to
decrease as draw solution and feed solution
concentrations increases and the experimental
water flux was lower than the theoretical water
flux.

4.8 Recovery
Fig.10 represent recovery achieved for the process
for CTA membrane, it is clear that as the draw
solution concentration increases therecovery
increases also as shown in eq. (2), due to the
increasing in the osmotic driving force.

SYMBOLS
A
B
C
P
C1
C2

5. CONCLUSIONS
1. Forward osmosis is a suitable method to
recover water from brine solution rejected from
reverse osmosis unit.

C3
C4

2. The permeate water flux in forward osmosis
process can be increased with decreasing salt
concentration of feed water and increasing solute
concentration of draw solution.

C5
dh
D
JW
k
K

3. ICP reduces the flux of forward osmosis
progressively
for
the
same
osmotic
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Water Permeability Constant,L/m2.min.bar
Salt permeability coefficient,L/m2.min.bar
Concentration polarization
Feed concentration at bulk solution, g/L
Feed concentration at membrane surface,
g/L.
Feed concentration atinterior surface, g/L.
Draw concentration at membrane surface,
g/L.
Draw concentration at bulk solution, g/L
Hydraulic diameter, (m)
Solute Diffusion Coefficient, (m2/s)
Water flux, (L/m2 .min)
Mass transfer coefficient, (m/min)
Solute resistance to diffusion, min/m
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L
Sc
Sh
Re
t
VP
VF

Length of the cell channel of theosmosis cell,
m
Schmidt number
Sherwood number
Reynolds number
Thickness of the support layer
The overall volume of permeate, L
The initial volume of feed
Solution, L
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Fig.3 Flux with time at different draw solution
concentration, feed conc. =15g/lit, cross flow
velocity=0.1 m/s, feed faced active layer, CTA
membrane at fixed temperature 25±2oC

Fig.1 Schematic diagram of flat sheet forward
osmosis process

Fig. 4 Flux with feed solution concentration at
different draw solution concentration for cross flow
velocity 0.055 m/s for feed faced active layer, CTA
membrane, temperature 25±2 oC

Fig. 2 (a) Concentrative internal CP and (b)
dilutive internal CP across a composite or
asymmetric membrane in FO

1027

Majid Iibrahim Abdulwahab
Najwa SaberMajeed

Water Recovery from Brine Solution by Forward Osmosis Process

Samar YousifIssa

Fig. 5 Flux with draw solution concentration at
different feed solution concentration for cross flow
velocity 0.055 m/s for feed faced support layer, CTA
membrane temperature 25±2 oC

Fig.7 Flux with different draw solution
concentration at feed concentration 5 g/lit for feed
faced active and support layer respectively, cross
flow velocity= 0.1 m/s, CTA membrane, fixed
temperature 25±2 oC

Fig. 6 Flux with different draw solution
concentration at feed concentration 15 g/lit for
different cross flow velocity= 0.055, 0.1 m/s, feed
faced active, at fixed temperature 25±2 oC

Fig.8 water fluxes with time at fixed draw solution
concentration 90g/lit, feed solution concentration 15
g/lit for cross flow velocity 0.055 m/s at fixed
temperature 25±2 oC
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Fig.9 Plot of water flux lit/m2.min against
hydraulic pressure bar for FO membrane
obtained from FO experiment at 25±2 oC

Journal of Engineering

Fig. 10 Recovery verses draw solution
concentration for cross flow velocity 0.1 m/s for
feed faced active layer, time consumed 4 hours,
CTA membrane temperature 25±2 oC

Table 1.Data for osmosis runs at (25±2 oC) in FO and PRO mode eqn. (10 and 15) was used to determine K
value, from which tτ/ε was calculated using a diffusivity of 1.33*10-9 m2/s at 20 (lit/min).

Active layer
Concentration(g/l
it),
(pressure bar)

support layer
Osmotic

a

pressure (b
ar

Osmotic

i

pressure (bar)

Concen
tration(
g/lit)

Osmotic
pressure(bar
)

Concentrative ICP, dilutive ECP
35(25.225
8.749
8.748
5
3.951
35(25.225) 15.052 15.0278 10
7.902
35(25.225
16.103 16.085
15
11.828
average
90(69.44)
17.327 17.297
5
3.951
90(69.44)
30.747 30.747
10
7.902
90(69.44)
39.895 39.885
15
11.828
average
Dilutive ICP, concentrative ECP
5
6.054
6.05456 35
25.225
10
12.004 12.012
35
25.225
15
16.215 16.2164 35
25.225
average
5
8.4913 8.4914
90
69.44
10
13.795 13.7967 90
69.44
15
18.808 18.845
90
69.44
average
5
6.054
6.05456 35
25.225
i
osmotic pressure at the inside membrane layer.
a
osmotic pressure at the membrane surface.
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Exp. Flux

0.35
0.17065
0.152
0.4555
0.276
0.178

0.125
0.121
0.0926
0.22
0.161
0.135
0.125

K*103

tτ/ε*10(-6)

1.601
3.12
1.38
1.0168
2.52
4.287
6.28
4.362

2.12
4.14
1.8351
2.69
3.3516
5.701
8.358
5.801

11.404
6.054
4.688
7.382
8.866
9.562
9.119
9.812
11.404

15.16
8.05
6.23
9.813
11.79
12.71
12.12
12.206
15.16
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Table 2.Experimental and theoretical water flux, performance ratio for FO runs for CTA membrane in FO
mode at 10 lit/min.
Feed
Conc.
g/lit

ΠF(bar)

Draw
Conc.
g/lit

ΠD(bar)

∆π(bar)

5
5
10
10
15
15

3.951
3.951
7.902
7.902
11.822
11.822

35
90
35
90
35
90

25.225
69.44
25.225
69.44
25.225
69.44

21.274
65.489
17.323
61.538
13.403
57.618

Theoretical
flux
(lit/m2.min)

24.4651
75.312
19.92
70.76
15.41
66.26

Experimental
flux
(lit/m2.min)

Performance
ratio

0.11303
0.143
0.104
0.12
0.0315
0.072

0.0046
0.0018
0.00522
0.00169
0.00204
0.00108

Table 3.Experimental and theoretical water flux, performance ratio for FO runs for PA membrane in FO
mode at 10 lit/min.
Feed
Conc.
g/lit

ΠF(bar)

Draw
Conc.
g/lit

ΠD(bar)

∆π(bar)

5
5
10
10
15
15

3.951
3.951
7.902
7.902
11.822
11.822

35
90
35
90
35
90

25.225
69.44
25.225
69.44
25.225
69.44

21.274
65.489
17.323
61.538
13.403
57.618
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Theoretical
flux
(lit/m2.min)

24.4651
75.312
19.92
70.76
15.41
66.26

Experimental
flux
(lit/m2.min)

Performance
ratio

0.506
0.855
0.4855
0.517
0.419
0.54

0.0206
0.011
0.0243
0.0073
0.027
0.008

