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Abstract

The present work aims to study forward osmosis process using different kinds of draw solutions and membranes.
Three types of draw solutions (sodium chloride, sodium formate, and sodium acetate) were used in forward osmosis
process to evaluate their effectiveness with respect to water flux and reverse salt flux. Experiments conducted in a
laboratory-scale forward osmosis (FO) unit in cross flow flat sheet membrane cell. Three types of membranes (Thin
film composite (TFC), Cellulose acetate (CA), and Cellulose triacetate (CTA)) were used to determine the water flux
under osmotic pressure as a driving force. The effect of temperature, draw solution concentration, feed and draw
solution flow rate, and membrane types, were studied with respect to water flux. The results showed an increase in
water flux with increasing feed temperature and draw solution concentrations In addition, the flux increased with
increasing feed flow rate while the flux was inversely proportional with the draw solution flow rate. The results
showed that reverse osmosis membranes (TFC and CA) are not suitable for using in FO process due to the relatively
obtained low water flux when compared with the flux obtained by forward osmosis membrane (CTA). NaCl draw
solution gave higher water flux than other draw solutions and at the same time, revealed higher reverse salt flux.

Keywords: Forward osmosis, internal concentration polarization, Reverse salt flux, Water flux.

1. Introduction

Fresh water scarcity is a basic problem in
many places in the world. One of the most
challenges of this century is the increasing for the
demand of fresh water for drinking and other
utilities such as food production and other
industrial needs. Presently over one-third of the
world’s population suffers of shortage of clean
water [1]. Therefore one of the most critical
challenges of the 21% century is to face the
enlarging demand for clean water. Forward
osmosis (FO) has been considered as an emerging
technology for water reuse and desalination [2, 3].

FO, unlike pressure- driven membrane process is
a naturally process of osmosis-driven which is
including semipermeable membrane and a draw
solution. The semipermeable membrane, ideally,
work as a barrier which rejects salts or undesired
substances but allows for water to pass through.
The mechanism of forward osmosis process
“physical phenomenon” is water moves through

selectively permeable membrane from the low
solute concentration feed solution (FS) to the
concentrated draw solution (DS) as a result of
osmotic gradient and retaining the solute on both
sides of the membrane. The driving force in FO
process is generated naturally due to difference in
osmotic pressure between feed and draw
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solutions, hence this phenomenon offers many
advantages like lower energy cost and less
membrane fouling potentials [4]. The main
benefits of using FO are that the process operates
with low or no hydraulic pressure, it have high
retaining of wide range of undesired substances
and it have lower membrane fouling potentials
[4,5]. The flow resistance in the membrane
module represents the only kind of pressure in FO
process, therefore, the equipments used is very
simple and the support of membrane is less of a
problem. FO process has also the advantages of
concentrating the feed without the need of high
pressure or temperature which they may be
detrimental to the feed solution [6,7].

In this research we describe the forward
osmosis process by using three types of
membranes (TFC, CA and CTA) and three types
of draw solutions, one of them is inorganic (NaCl)
and the two others are organic (sodium acetate
and sodium formate). Several researchers used
different types of draw solutions for the
application of FO process. In previous studies
[8,9,10,11,26] the most commonly draw solution
used is the inorganic ionic salts such as sodium
chloride (NaCl) due to the low molecular weight
and high solubility. The type of draw solution
plays a basic role in FO process, therefore the
selection of an ideal draw solution is an important
not only in promoting the efficiency of the FO
process, but also save cost for the subsequent
steps in re-concentration and replenishing the
draw solute. An effective draw solution have to
possess a very specific characteristics, It should
have a high osmotic efficiency which means it has
to be highly soluble in water and low molecular
weight so as to generate a high osmotic pressure
and as a result high water flux and feed water
recovery. Chemical compatibility of the
membrane is another factor for ideality of the
draw solution which may degrade or react with
the membrane. Finally, the processes which
involve production of potable water without even
traces of solute, the draw solute have to be easily,
efficiently and economically be separated and
recycled. The attention on draw solutions, as a
commercially available, has begun from the late
of 1990s, many inorganic salts where used in the
FO process. Generally, draw solutions from
inorganic salts impart high fluxes and can be
recovered easily by distillation or reverse osmosis
[15,16]. In previous studies [10,11,17,18] the
most commonly draw solution used in FO
processes were who have lower molecular weight
and higher solubility. Several inorganic salts were
prepared and considered as draw solution in FO
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processes and the selected salts were then
assessed by determining their water fluxes and
reverse salt fluxes [18].

Organic ionic salt solutions are recently
proposed as draw agents in forward osmosis
processes. The organic salt is defined as any
organic acid (anion) who combined with any
inorganic or organic base (cation). The main
advantage of using organic salts as draw agent is
to reduce the negative influence of the
accumulation of draw solute in the feed side due
to reverse salt flux and this phenomenon is
desirable especially in osmotic membrane
bioreactor (OMBR) systems for waste water
treatment where the organic salt is biologically
degraded in the reactor. Therefore, the
accumulation of organic salts is not an issue when
compared with inorganic draw solution [13,27].
Generally, the organic salt who have shorter
carbon chain overcome the larger carbon chain
when they are similar in cation species with the
same osmotic pressure. This phenomenon may be
attributed to that the former has less ICP than the
latter according to the higher diffusion coefficient.
Another advantage for organic salts over their
inorganic showed higher salt rejection in the
reverse osmosis reconcentration process [14].

To make the technology of FO process
advanced, many researchers studied and explored
the viability of using other draw solutes [)Y].
Hydrophilic magnetic nanoparticles (MNPs) were
considered one of the great potentials as draw
agent [29]. The main advantage of using MNPs as
draw solute is due to their interest In biomedical
applications such as biocatalysis and drug
delivery [30]. Another type of draw agents were
recently studied and developed [31], the polymer
hydrogel particles for FO desalination. The
hydrogels include three-dimensional network of
polymer chains which are linked by either
physical or chemical bonds and have the ability to
catch large volumes of water via highly
concentrated of hydrophilic groups.

2. Experimental Work
2.1. Membrane Material
2.1.1 Membrane Structure

Three types of flat sheet membranes were used
in this study. The first type was thin film
composite (TFC) membrane which composed of
three layers: a polyamide ultrathin top layer
(<0.5um), inter micro-porous support layer of
polysulfone 40-50 pm, and a polyster fabric
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support >120 um. The second type of membrane
was a symmetric cellulose acetate (CA) provided
by GE osmonics, RO. This membrane has thick
fabric backing layer which provide mechanical
support. The membrane is derived from the C-
series family, a triacetate /diacetate blend has a
higher flux and better mechanical stability than
standard cellulose acetate. The third type was
asymmetric cellulose triacetate (CTA) FO
membrane delivered by HTI Albany, OR. The
support layer for this FO membrane is comprised
of polyster fibers with capacious voids which lead
to minimize ICP and hence increase permeates
flux. The thickness of the membrane is less than
50 um.

2.1.2. Membrane Hydraulic Permeability

The determination of Water permeability was
experimentally detected using compressed air to
press the water through the membrane vertically
(HP4750 Stirred Cell, 300 ml processing volume,
14.6 cm? membrane area, and 69 bar the
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maximum pressure). The flux of pure water
through each membrane was determined under a
range of pressures.

2.2 Forward Osmosis Set-Up

The flat sheet bench scale set-up used in this
study as shown in figure 1 was to evaluate
forward osmosis performance. The membrane
was installed in the membrane holder in FO cell
with an effective area of 140 cm”. The cell had a
symmetric channels on both sides of the
membrane with a dimensions of 140 mm high by
100 mm long by Smm wide and this configuration
allowed for both the feed and draw solution to
flow in tangential to the membrane with co-
current flow to reduce strain on the suspended
membrane. The membrane oriented with FO
mode where the active layer faces the feed side
and the support layer facing the draw solution
side. Mesh spacer positioned at the feed side to
support the membrane and enhance turbulence.

Temperature sensor

/@A
‘\T )

Rotameter

Heater

Osmotic Cell

T
Ml

)—l}rn \

/o> —

[l ]
Balance

Cooler

i Heater

Fig. 1. Schematic diagram of the laboratory-scale forward osmosis setup.

Two centrifugal pumps were used to
recirculate the feed and draw solutions on the
opposite sides of the membrane with a flow rate
of 1-5 l/min. The draw solution container 2 L
capacity was placed on a digital balance with an
accuracy of (0.1g) to determine the weight
changes of the draw solution with time in order to
calculate the permeate flux. The operating
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temperature for both feed and draw solutions was
varied between 15-40°C and the duration for each
experiment was 4 h in batch mode. The
temperature for both feed and draw solutions was
measured and controlled by microcomputer
temperature controller (accuracy #1°C) using
cooler and heater connected to coils immersed in
both solutions to keep the desired temperature. A
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conductivity meter (Ec-Meter, Basic 30, CRISON
Spain, accuracy = 5%) used to measure the
concentration of salts in draw solution and feed
periodically and hence determine the reverse salt
flux with time.

2.3. Feed and Draw Solutions

Distilled water was used as feed in all the
experiments (conductivity, 12 us/cm) while
three kinds of draw solutions were used,
sodium chloride, sodium acetate, and sodium
formate dissolved in distilled water. The
chosen draw solutes, as specified in table 1,
possess the same cation (Na) so as to be
obvious and easier in comparison with respect
to water and salt fluxes. The concentration of
the draw solutions for all the three types was
varied between 0.3 M to 2 M.

Table 1,
Chemical Specifications of Draw Solutions.

Assay 99.5% (min)
Maximum limits of
Impurities (%):

Sodium chloride
NaCl

MW = 58.44 g/mol Ammonia 0.002

Solubility = 355 g/l Iron 0.002

(H20) Lead 0.0005
Potassium 0.02
Sulphate 0.02

Sodium Formate
HCOONa
MW= 68.03 g/mol

Assay 98% (min)
Maximum limits of

Impurities (%):

Solubility = 972 g/l Chloride 0.01
(H20) Sulphate 0.05
PH=7.0-8.5

Sodium Acetate

Assay 99% (min)

CH3COONa Maximum limits of
MW= 82.03 g/mol Impurities (%):
PH=7.5-9.2 Chloride 0.001
Solubility= 1233 g/l Phosphate 0.0005
(H20) Sulphate 0.0003
Calcium 0.001
Iron 0.0005
Potassium 0.02

3. Results and Discussions
3.1. Membrane Permeability

The results of the permeability were
determined from the curve slope tests for TFC,
CA, and CTA membranes which were 6.6, 4.7,
and 0.73 l/m?h.bar, respectively, as shown in

Figure 2. The results showed that the permeability
of the TFC and CA membranes is much greater
than CTA membrane. These results prove that
TFC and CA (reverse osmosis) membranes give
high fluxes under hydraulic pressure and CTA
(forward osmosis) membrane give satisfactory
fluxes under osmotic pressure.
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Fig. 2. Pure water flux against applied pressure for
determine permeability coefficient (A): TFC
membrane, CA membrane, and CTA membrane.

3.2. Effect of Temperature

The effect of temperature on water flux is
shown in Figure 3. The experiments were carried
out using three types of membranes ( TFC, CA,
and CTA) with variable temperature for both feed
and draw solutions (15-40°C).
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Fig. 3. Water flux in function of temperature for
different membranes (0.6 M NaCl, 3 I/min feed and
draw Flow rate).

According to figure 3, the water flux increase
with temperature linearly and this attributed to
decrease in viscosity of the feed water and this
lead to increase in diffusion rate for water through
the membrane outcoming in a higher permeability
which is compatible with previous studies [19].
The temperature will have clear impact on ICP
which become lower at higher temperature and
hence higher water flux. We notice that the effect
of temperature on water flux is greater when using
CTA membrane when compared with CA and
TFC membranes. The reason for this difference in
fluxes is expected to the thick fabric and porous
support layers in CA and TFC membranes which
contribute to the development of internal
concentration polarization (ICP) and therefore
reduce the effective driving force and water flux.
Figure 4 illustrates the water flux for TFC, CA
and CTA membranes at different kinds of draw
solutions using the same experimental conditions.

3.3. Effect of Concentration

Figure 4 shows that An increase in water flux
was found when the concentration of the draw
solution increased from 0.3 M to 1.5 M due to an
increase in the osmotic driving force over the
membrane (since osmotic pressure difference is
the driving force in FO operation). As illustrated
in Figure 4, The plots show that the flux is almost
linear and the deviation from the linearity is due
to the effects of ICP, which reduces the effective
driving force of the draw solution.
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Fig. 4. Influence of draw solution concentration on
water flux with different types of draw solutions
and using different membranes: CTA membrane,
CA membrane, and TFC membrane {30 °Cz+l
temperature, 3 /min flow rate}.

The results indicate that water flux depend not
only on concentration of draw solution but also on
the kind of draw solution. We notice from plots
that the water flux for sodium chloride is greater
than sodium acetate and sodium formate. This
could be due to a higher solute diffusion
coefficient resulting in greater efficiency of NaCl
than other draw solutes. Therefore, it can be
deduced that the organic sodium salts with larger
sizes have lower diffusion coefficients which are
more affected by ICP than NaCl.
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3.4. Effect of Draw Solution

Figure 5 represent the reverse salt flux with
time for the three types of draw solutions. The
figure shows higher salt flux for NaCl than other
draw solutes and sodium acetate revealed lower
salt flux. Reverse salt diffusion increase with
increasing draw solution concentration due to the
increasing in driving force.
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Fig. 5. Influence of draw solution concentration on
reverse salt flux for different kinds of draw
solutions (30°C temperature, 3 I/min flow rate, CTA
membrane).

3.5. Effect of Feed Flow Rate

Figure 6 illustrates the effect of feed flow rate
on water flux using different types of membranes.
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Fig. 6. Effect of feed flow rate on water flux with
different membranes (30°C temperature, 0.6 M
NaCl).

Feed velocity shows small effect on water flux
and this may attributed to low concentration of
salt of the feed and as a result reveal little
contribution of concentrative external
concentration polarization (CECP) to the flux.
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3.6. Effect of Draw Solution Flow Rate

Figure 7 shows the influence of draw solution
flow rate on water flux. The results reveal
increasing of water flux with decreasing of draw
solution flow rate and this may attributed to
increasing the concentration build up in the
vicinity of the membrane surface. This process
leads to increasing the osmotic pressure in the
draw solution side and hence increasing water
flux.
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Fig. 7. Effect of draw solution flow rate on water
flux at different membranes (30°C temperature,
0.6M NacCl).

The permeate water flux was assessed for the
three membranes using NaCl as draw solution as
shown in figure 8. Every membrane was tested in
a cross flow mode with 0.6 M concentration of
draw solution against distilled water as feed
solution. The feed solution was coordinated
against the active layer of the membrane and the
draw solution was against the support layer. Both
the feed and draw solutions were kept up at 30°C
and water flux been determined with time for the
Under the same test conditions. The CTA
membrane had a quite higher water flux than
either TFC or CA membranes.
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Fig. 8. Water Flux against time for different kinds
of membranes (30 °C temperature, 3 I/min flow
rate, and NaCl draw type).
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The difference in flux between these
membranes is due to the difference in structures
of the membranes, where the overall thickness of
the CTA membrane is less than 50 pm (consist of
two layers of cellulose triacetate polymer
embedded with polyster mesh as support) which is
less than thickness of TFC and CA membranes
(140 pm) which is composed of thick fabric and
porous support layers. It is concluded that these
thick support layers of TFC and CA membranes
may contribute to the development of internal
concentration polarization and as a result reduce
the effective driving force and water flux
respectively. Figure 9 shows differences in salt
flux values between TFC, CA, and CTA
membranes and this imparity is attributed to
structure of the separating layer of the
membranes. The separating layer for the FO-type
membrane (CTA) is less compact when compared
to other RO membranes (TFC and CA) and this
result reflected in lower retention ability for FO
membranes than RO membranes.
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Fig. 9. Change of reverse salt flux with time for
different types of membranes (30 °C temperature,
3 I/min flow rate, 0.6 M NaCl).

4. Conclusions

The permeability flux for osmotically driven
CTA membrane is higher than TFC and CA
membranes, while the flux increased dramatically
for TFC and CA membranes and become much
higher than CTA membrane when hydraulic
pressure applied. The reverse salt flux for CTA
membrane is higher than CA and TFC
membranes. In this research, the draw solutions
characteristics state that inorganic ionic salt
(NaCl) impart little higher flux than organic ionic
salt (sodium formate) but much higher than other
organic salt (sodium acetate) while the results
which obtained for reverse salt flux gave high
values for sodium chloride salt when compared
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with other organic salts which considered

drawback for NaCl salt.
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