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Graphical abstract Abstract

Osmotically-driven forward osmosis (FO) has gained significant attention in the last decade

due to ifs potential application in various disciplines. Draw solution serves as the driving force
i in FO process forinducing water fransport across the membrane. FO technology can be used

FO membrane

o reject or concentrate high valuable products in the chemical and bioprocess industries
which often encounter great challenge in terms of dilute product formation. In this study,
commercial cellulose triacetate (CTA) flat sheet FO membrane was investigated using
several types of inorganic draw solute. Pure water fluxes ranged from 5.20 to 6.30 L.m2h-!
were achieved for selected draw solutes. The reverse solute leakage was shown by the
increment of conductivity in the feed solution. Among the draw solutes, NaCl demonstrated
highest reverse solute leakage (72.45 uS cm') afttributed to its relatively smaller molecular size.
The water fluxes at feed to draw solution volume ratios of 1:2 and 1:3 were found to be slightly
lower than that to the volume ratios of 1:0.6 and 1:1. With respect to sodium succinate feed
solution, MgCla was capable of generating higher osmotic pressure and thus higher water flux
was observed compared to NaCl draw solute. Overall, the selected inorganic draw solutes
demonstrated encouraging FO performances and could be used for concentrating sodium
succinate solution.
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attributed to its waste-free process despite the use of
draw solution as osmotic agent [7].

FO system is simple and easy to handle. A typical
bench-scale FO membrane process consists of an FO

1.0 INTRODUCTION

Forward osmosis (FO) has been considered as an
emerging fechnology even though it has been

applied since 40 years ago [1, 2]. Unlike other pressure-
driven membrane processes, the osmotic pressure
difference serves as the driving force for the migration
of water molecule in FO process [3]. FO offers several
advantages such as low energy Uufilisation and
membrane fouling propensity, which make it an
attractive membrane technology [4-6]. Additionally,
FO is also an environmental friendly technology

cell unit, and two solution reservoirs for the feed and
draw solutfions [8]. Semi-permeable membrane is
inserfed in between FO cell unit. The flat-sheet
cellulose triacetate (CTA) FO membrane with an
asymmetric  structure and  unique  physical
characteristic, supplied by Hydration Technology
Innovations (HTI, Albany, OR, USA) is the most widely
applied membrane among researchers [9, 10]. Draw
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solution is the osmotic agent of FO that drives the
migrafion of water molecule [11]. The selection of
suitable draw solute with appropriate solutfion
concenfration can ensure the spontaneous fransport
of water molecules from feed solution to draw solution
compartment. In recent years, many efforts have
been made in proposing various types of novel draw
solutes [12-14]. One of the major concerns in selecting
an appropriate  draw solute is the cost of
replenishment. Table 1 presents the unit and specific
costs for selected draw solutes [15]. Specific cost
indicates the cost of draw solute needed to produce
1 L of draw solution with an osmotic pressure of 2.8
MPa. It can be seen that some of the popular draw
solutes such as sodium chloride (NaCl) and
magnesium chloride (MgCl2) are among the
cheapest draw solutes in the market.

Table 1 Unit and specific costs for various types of draw solute
[13]

Specific
Draw solute Cost, S/kg cost, $/L
NaCl 15 0.53
NH4CI 26 0.85
MgCls 28 0.96
NaHCOs 20 1.28
Na2SO4 8 1.28
CaCl; 35 1.53
KCI 37 1.74
KHCOs 32 2.1
NH4HCO3 45 2.38
(NH4)2504 60 4.46
K2SO4 53 5.38
KBr 80 5.7
Ca(NOs)z 70 6.1
MgSO4 52 7.35

Succinic acid is a dibasic organic acid with the
molecular formula C4HsOa4. It is widely used as
specialty chemicals in chemical, food and
pharmaceutical industries. Some of the important
applications include the production of
biodegradable polymers, surfactants/detergents,
cosmetics, and foaming agents [16, 17]. Succinic acid
can be produced via chemical process or microbial
fermentation [16, 18]. The chemical synthesis involves

the use of liquefied petroleum gas (LPG) or petroleum
oil as a starting material. Nevertheless, the
unpredictable petroleum price hasresulted in growing
interest of microbial fermentation process [16, 19]. The
downstream recovery cost for the fermentation based
process typically accounts for 50%-80% of the total
production cost [19]. Hence, careful selection of
appropriate downstream process for the recovery of
succinic acid is crucial. Many efforts have been done
by previous researchers in proposing various recovery
and concentration processes [16, 20]. These methods,
however, may not be economically viable and
aftractive, and therefore improvements are
constantly being performed and new methods are
being explored.

The objective of the present work is to perform the
preliminary investigation on the performance of FO
process. Specifically, a systematic investigation on the
effect of feed solution to draw solution volume ratio,
and type of draw solute were performed in the study.
Water flux across a semi-permeable membrane has
always been used as an evaluation for the FO
performance. Cheap and economically viable
solutes including sodium chloride and magnesium
chloride were selected as draw solution for the sodium
succinate concentration process. The regeneration of
these draw solutions can be eliminated via
replenishment, and thus lowering the energy utilisation
of the entire system.

2.0 METHODOLOGY

2.1 Feed and Draw Solutions

Sodium chloride (NaCl) and sodium sulfate (Na2SOa4)
were purchased from Merck. Sodium succinate and
magnesium chloride (MgClz) were purchased from
Acros Organics, and R&M Chemicals, respectively.
Ultrapure (UP) water with a high resistivity of 18.2
MQ-cm was used to prepare synthetic feed solution
(UP water, sodium succinate) and draw solution
(NaCl, MgClz, Na2SOs4).

2.2 FO Performance Experiments

The FO experiment was conducted in a flat sheet
membrane module as illustrated in Figure 1. The FO
asymmetric membrane (CTA) developed by
Hydration Technologies Innovations (Albany, OR, USA)
was used in this study. The membrane consists of
cellulose triacetate active layer with embedded
polyester screen support. The CTA membrane was
inserted between the FO cell (Sterlitech CF042 Cell) in
which two compartments namely feed solution and
draw solution compartments were formed. The
effective membrane area employed in the study was
0.0042 m2. Two peristaltic pumps (BT600-2J,
LongerPump, China) were employed for circulating
the solutions at a flow rate of 0.53 L/min in separate
compartments. Experiments were conducted for
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approximately 150 min. During the FO experiment,
water molecule migrated from the feed solution fo the
draw solution compartment as a result of osmotic
pressure difference. The migration of water molecules
would eventually change the water level in both
compartments.

Pump

Pump

FO cell

Solution Solution
tank tank

Figure 1 Schematic diagram for the experimental set-up of
FO system

2.3 Measurements and Analysis

A weighing balance (PGL10001, Adam, United
Kingdom) was used to measure the mass increase of
draw solution weight. The water flux (Jw) is determined
using Equation 1 [3]:

Am
Jw = Tooaar (M)
where Am (g) is the mass variation due to water
migratfion over a period of time in the FO process, At
(h); A (m2?) is the effective memibrane area, and the
density of water is assumed as 1000 g L-'. Additionally,
the volume variation was also measured at the end of
FO process as comparison of water flux. Conductivity
meter (Mi306, Martini, Romania) was used in the study
to monitor the reverse solute leakage of various draw
solutes.

3.0 RESULTS AND DISCUSSION
3.1 Effect of Draw Solute on Pure Water Flux

To elucidate the effect of draw solute on FO process,
experiments were conducted by employing three
different types of draw solute. UP water was used as
the feed solufion. The performance of FO process was
evaluated in terms of water flux across the semi-
permeable membrane. Figure 2 presents the pure
water flux profiles for MgClz, NaCl, and Na2SOs4. At 1.0
M initial draw solution concentration, MgCl2 and
Na25O4. generated comparable water flux. Water flux
of generally higher than 5.00 L.m2.h-" was achieved
for all the selected draw solutes. A slight decline of
water flux over a tfime period was observed. During the
FO process, water molecule migrated from the feed
solution fo the draw solution compartment. As a result,

the draw solution was diluted by the migration of
water molecules, thereby causing a slight decline in
water flux.
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Figure 2 Effect of draw solute on the pure water flux

Figure 3 shows the osmotic pressure of various draw
solutions at 1.0 M concenfration. Of all the draw
solutes, MgCl2 has exhibited the greatest osmotic
pressure of 95.5 atm. FO is a natural osmotic-driven
process, the increment in osmotic pressure would
facilitate water flux across the membrane [21].
Interestingly, Na2SO4 demonstrated higher water flux
compared to NaCl even though both solutes
generated comparable osmotic pressures at 1.0 M
concenfration. The difference in water flux
performance was due to the undesired infernal
concentration polarization effect [14, 15]. Comparing
the mass concentration of draw solution, it was found
that the mass of solute needed to produce 1.0 M of
Na2SO4 draw solution was the highest. Hence, careful
selection of draw solute is vital to ensure minimum cost
of replenishment.
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Figure 3 Osmotic pressure and concentration (g/L) of draw
solution
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3.2 Effect of Draw Solute on Reverse Solute Leakage

Reverse solute leakage is the back flow of draw solute
across the semi-permeable membrane joining the
feed solution. It is often known as reverse solute flux or
draw solute leakage. Figure 4 exhibits the conductivity
of feed solution for different types of draw solute
employed in the study. The behaviour of reverse solute
leakage was investigated using UP water as the feed
solution. It was found that the conductivity of the feed
solution increases over the fime period of 150 minutes.
Similar linear relationships have been observed in all
the plotted curves. The increment of feed solution
conductivity was due to the ion leakage
phenomenon. An increase in electrolyte
concentration may give rise to a corresponding
increase in conductivity of feed solution [22]. Among
the draw solutes, a relatively higher conductivity was
reported for NaCl draw solute indicating higher
leakage of NaCl solute into the feed compartment.

The behaviour of reverse solute leakage can be
explained by comparing the molecular size of these
solutes [14]. NaCl is a monovalent salt that consists of
monovalent cation (Na*) and monovalent anion (CI).
By contrast, MgClz and Na2SO4 are larger size divalent
salts containing divalent cation (Mg?*) and divalent
anion (SO4%), respectively. Hence, the observed
reverse solute leakage of MgCla and Na2SO4 were
significantly lower than that of NaCl draw solute. It has
been reported that reverse solute leakage might
cause complications to the feed solution [23].
Moreover, reverse solute leakage can cause dilution
to draw solution and thereby reducing the net osmotic
pressure difference across the FO membrane. Overall,
the observed reverse solute leakages in the present
study are considerably low but are expected to
increase with the increase of draw solution
concentration. Replenishment of draw solution may
be performed after prolong period of FO process to
retain the desired water flux.
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Figure 4 Conductivity of feed solution for different types of
draw solute

3.3 Effect of Feed Solution to Draw Solution Volume
Ratio

Figure 5 shows the comparison of water flux at
different feed to draw solution volume ratios. Four
different volume ratios (1:0.6, 1:1, 1:2 and 1:3) were
employed in the study. The initial sodium succinate
feed solution volume was 1 L and the NaCl draw
solution volume was varied accordingly. As Figure 5
shows, there was no discernible variation in the water
flux at different volume ratios. One interesting finding
is that the water fluxes at volume ratios of 1:2 and 1:3
were found to be slightly lower than that to the volume
ratios of 1:0.6 and 1:1. The slight variatfion in the water
flux performance is aftributed fto concentration
polarization phenomenon. During the FO mode
membrane orientation, the permeation of water at
the permeate side of the membrane causes the
dilution of draw solution at the support layer interface.
This phenomenon is known as dilutive infternal
concentration  polarization. By contrast, the
concentrative external concentration polarization
phenomenon is due to the build-up of feed solute in
higher concentrations at the active layer interface of
the membrane [24]. When higher initial draw solution
volume was employed in the study (volume ratios of
1:2 and 1:3), the mixing of permeating water with the
NaCl draw solution could take a longer duration to
achieve a homogeneous mixture and thus leading to
a more pronounced effect of dilutive internal
concentration polarization. As a result, unsatisfying
water flux performance was observed.
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Figure 5 Experimental water flux profiles as a function of fime
at varying feed to draw solution volume ratios. NaCl 1 M was
used as draw solution

3.4 FO Concentration of Sodium Succinate using
Different Types of Draw Solute

In this section, comparison was made between MgClz
and NaCl draw solutes for concentrating sodium
succinate solution (Figure 6). As can be seen, similar
water flux profiles were obtained using different types
of draw solute. At the same initial draw solution
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concenfration (1.0 M), MgCl2 could induce greater
migration of water molecule across the FO membrane
compared to the NaCl draw solution. This is due to the
fact that MgCl. generated higher osmotic pressure at
1.0 M concentration (Figure 7). Operation of FO
process at higher osmotic pressure produced greater
water flux and reduced the duration of FO process for
achieving the desired final solution concentration.
According to Figure 7, the osmotic pressure
generated by MgCl2 was nearly twice as high as the
osmotic pressure generated by NaCl. Nevertheless,
the water flux obtained in the experiment did not
increase in proportion with the osmotic pressure.
Similar observation has been reported in our previous
work [14].
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Figure 6 Comparison of water flux performance using NaCl
and MgCl. draw solution, and 0.12 M sodium succinate feed
solution
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Figure 7 Average water flux and osmotic pressure of NaCl
and MgClz draw solutions at 0.12 M initial sodium succinate
concentration

4.0 CONCLUSION

There are many factors affecting the performance of
osmotically-driven FO process. In this work, inorganic

salts including NaCl, MgClz, and Na2SOs were
employed as draw solutes. In all cases, the water flux
did not show significant deterioration at given
experimental time period. The reverse solute leakage
is highly undesired as it reduces the draw solution
concentration and complicates the feed solution
composition.  Encouragingly, the reverse solute
leakages for all the selected draw solutes were
considerably low. Divalent salt with relatively larger
molecular size outperformed monovalent salt
exhibiting low reverse solute leakage. There was no
discernible variation in the water flux at different feed
fo draw solufion volume rafios. Concentrafion
polarization is an inevitable phenomenon that led to
unsatisfying water flux performances in FO process.
Comparative study on the concentration of sodium
succinate solution revealed that MgCl2 was capable
of generating a relatively higher water flux than the
NaCl draw solution attributed to higher osmotic
pressure driving force.
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