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Optimization of Operating Conditions in Forward Osmosis for Osmotic
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Abstract: Objective of this study was to conduct a baseline study of osmotic membrane bioreactor (OMBR) -
optimization of operating conditions in forward osmosis (FO). Experiments were conducted with an FO pilot system. Tap
water was used as the feed and NaCl and MgSO, solutions were used as draw solution. Effects of various operating
conditions on flux have been investigated. In addition, pure water permeability of the FO membrane was tested. It was
observed that the plant operation could be stablized within 1 h. When the membrane selective layer faced to the feed, a
flux of 6.3 Im™?h™' (LMH) was achieved at 24 atm osmotic pressure and 25 °C and effects of feed velocity and air velocity
on flux were not siganificant under the testing conditions due to low external concentration polarization (ECP). However,
when the selective layer faced to the draw solution, the flux was enhanced by 64% due to much reduced internal
concentration polarization (ICP), the flux sharply increased with an increase in velocity of the draw solution in the laminar
flow pattern range due to a countable effect of dilutive external concentration polarization (DECP) and leveled off after
the flow pattern became turbulent. NaCl performed much higher efficiency than MgSO, as an osmotic agent due to a

greater solute diffusion coefficient of NaCl.
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INTRODUCTION

OMBR is an innovative MBR technique for reclamation
of used water, which combines conventional activated sludge
process and FO membrane separation with a reverse osmosis
(RO) post-treatment [1, 2]. In this process, the used water is
treated by activated sludge process and then pure water is
extracted from the sludge through an FO membrane via a
natural osmotic pressure gradient between the used water
and a draw solution as the driving force instead of a
hydraulic pump in a conventional ultrafiltration/micro-
filtration MBR. Then, a conventional RO with energy
recovery device is used as a post-treatment of the FO
permeate diluted solution to produce high quality water and
simultaneously to recover the concentrated salt solution as
the draw solution which is recycled in OMBR process. The
brilliance of the OMBR technology is that we get nature to
work for us. OMBR has a potential to enhance water quality
and reduce operating cost. The key for this novel technology
to be most cost effective is to achieve a high water flux in
the FO process.

FO has been extensively investigated in various water
treatment/engineering applications [3] such as treating
industrial wastewater [4]; being evaluated for reclaiming
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wastewater for potable reuse in life support systems [5]; and
desalinating seawater [6,7]. In recent years, FO has been
increasingly attractive for RO fouling control as it is a highly
efficient and environmentally friendly technique [8-10].
Seldom studies on OMBR have been published as this
technology is at early stage of development. Objective of this
research was to conduct a baseline study on OMBR -
optimization of operating conditions in FO process.

EXPERIMENTAL MATERIALS AND METHODS

The pilot unit with membrane area of 0.1 m® from
Hydrationtech used for the FO experiments is shown in Fig.
(1). The flow channels at both feed side and draw solution
side were originally same. A spacer was required to add into
one side to support the membrane. The spacer was chosen to
add into the draw solution side because the draw solution
would be always clean while the activated sludge feed in the
next study after this baseline study would easily block the
feed channel if the spacer be at the feed side. The cross-
section area of flow channels at feed side and draw solution
side (with a spacer) of the flat sheet membrane are 7x10™* m*
and 3.75x10™ m?, respectively. Therefore, the velocity of a
fluid in a channel can be calculated when its flow rate is
measured [11].

Tap water with average conductivity of 170uS/cm was
used as the feed in a single pass mode. The feed charac-
teristics are shown in Table 1. Concentration of the draw
solution was maintained during testing via automatically
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Fig. (1). Schematic of FO pilot unit.

Table 1. Characteristics of the Feed
Parameter NH4 B Ca Cl F Fe Mg Ni NO3 pH PO4 Sio2 Na SO4 TDS | TOC
Value 0.25 0.07 20.1 8.56 0.53 ND 0.76 ND 35 7.4 0.06 5.4 3.1 14.4 100 1.04

Remarks: Units of value are mg/L except for pH; ND- Not detected.

controlling a constant conductivity of the draw solution in
the re-circulation loop interlocked with dosage of a concen-
trated salt solution. Unless specified elsewhere, experiments
were conducted with the membrane orientation of active
layer faced to the feed, the feed and draw solution flow rates
were 2.4 gpm (545 1/h) and 2.5 gpm (568 I/h), respectively
while the draw solution was 0.5 M NacCl.

The uniqueness of this system design is that a dosing
system with automatic controls was introduced to keep a
constant concentration of draw solution during the testing.
There was no such a dosing facility in previous studies and
concentration of draw solution decreased with the time
during any testing. Subsequently, the concentration of draw
solution was also a variable in their experiments although
investigation on the effect of another parameter was desired.
Balance 1 and 2 are to record the weight gain in draw
solution loop and the weight loss from concentrated salt
tank. Air compressor is provided in the feed loop to increase
the turbulence in the feed channel for minimization of
external concentration polarization (ECP). Data-logger is

installed at the control panel of testing unit to continuously
monitor and record CIT-1, CIT-2, PI-1, PI-2, PI-3, PI-4, two
balances. Fig. (2) shows a photo of the FO pilot unit.

In practice, the temperature-corrected water flux was
obtained from experiments and calculated by equation 1
[12].

(298-T)
J=1.03 Qu/An (1)

Where: J= temperature-corrected water flux, (I/m?h at 25

°C); Qp = water flow rate, (I/h); A, = effective membrane
area, (m?) T-temperature (k).

RESULTS AND DISCUSSION
Determination of the Steady State

Fig. (3) shows the net gain of FO permeate as a function
of time and each of the tests was conducted under fixed
experiment conditions. The results indicate that an
experiment could reach a steady state within 1 h. Therefore,
all experiments in this study were designed to conduct over 1
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Fig. (2). Photo of the FO pilot unit.

h for each particular test. In addition, the net gain increased
for Test 1 while it decreased with the time for Test 2 before
leveled off. These could be attributed to the facts that the
feed was pre-filled in the system while the draw solution was
filled just before the experiment started in Test 1, resulting in
an increase in driving force with the time before
stabilization, however, the situation was opposite in Test 2,
resulting in a decrease in driving force with the time before
stabilization.
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Fig. (3). Net gain of the permeate vs. time.

Effect of Feed Velocity on Water Flux

Fig. (4) shows that no significant effect of feed velocity
on water flux was observed. This could be attributed to a low
salt concentration of the feed (tap water), resulting in a small
concentrative external concentration polarization (CECP)
contribution to the flux [13].
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Fig. (4). Effect of feed velocity on flux.
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Effect of Air Velocity at Feed Side on Water Flux

When the membrane selective layer faced to the feed, air
was introduced in the feed side to simulate the OMBR
situation that a minimum air scouring on the membrane
surface would be required at the feed side with activated
sludge to prevent membrane fouling or to remain flux. Fig.
(5) shows the effect of air velocity at feed side on water flux
and no significant difference is observed even if the
experiments were conducted at a low feed flow rate of 114
L/h (usually 545 L/h). This could be also attributed to a low
salt concentration of the feed (tap water), resulting in a small
CECP contribution to the flux with the turbulence of air
flow.
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Fig. (5). Effect of air velocity on flux.

Effects of Different Draw Solutions and Concentrations
on Water Flux

Fig. (6) shows the experimental water flux in FO mode as
a function of the calculated osmotic pressure difference
between the draw solution and the feed corresponding to
NaCl and MgSQO, draw solution concentration since osmotic
pressure difference is the driving force in FO operation. It
shows that the flux almost linearly increased with the
osmotic pressure difference in the range of 24-93 atm for
NaCl (0.5-1.8M). However, for MgSO, (0.22-0.75M) the
flux increased with the apparent driving force in the low
range of 6-19 atm and then leveled off. Also it can be seen
that NaCl draw solution performed a much higher water flux
than MgSQO,4 under the same osmotic pressure difference. The
results indicate that water flux will not only depend on the
concentration of draw solution but also the type of draw
solution [3]. This could be due to a greater solute diffusion
coefficient of NaCl than MgSO, [14], resulting in a higher
efficiency of NaCl than MgSO, as an osmotic agent
Moreover, MgSQ, efficiency was obviously impressed when
the calculated osmotic pressure difference was over 19 atm
because osmotic coefficient of MgSO, decreases
significantly with an increase in concentration when MgSO,
concentration was higher than 0.75M [15].

Pure water flux of the FO membrane vs. operating
pressure was measured in RO mode and also plotted in Fig.

Qinetal.

(6). Pure water permeability coefficient of the FO
membrane, A, was obtained at 0.67 L m? h™* atm™
Moreover, it can be seen that the actual water flux in FO
mode was much lower than the ideal pure water flux under
the same driving force. This could be due to the coupled
effect of CECP and dilutive internal concentration
polarization (DICP), resulting in the effective driving force
for FO was much lower than the calculated osmotic pressure
difference [13].
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Fig. (6). Comparison of actual flux for different draw solutions with
ideal pure water flux.

Effect of Draw Solution Velocity on Water Flux

Experiments were conducted with the membrane
orientation of active layer faced to the draw solution of 0.5
M NacCl. Fig. (7) shows the effect of draw solution velocity
on water flux. It can be seen that the flux sharply increases
with an increase in the draw solution velocity at low velocity
(corresponding to the laminar flow pattern) and levels off
when the flow pattern becomes turbulent. This could be
attributed to a high salt concentration of the draw solution,
resulting in a countable contribution of dilutive external
concentration polarization (DECP) to the flux. The
hypothesis will be supported by the modeling analysis in
future work.
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Fig. (7). Effect of draw velocity on flux.
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In addition, the water flux reached 10.3 LMH at 0.4 m/s,
which was enhanced by 64% compared to 6.3 LMH when
the active layer faced to the feed. This could be attributed to
the much less concentrative internal concentration
polarization (CICP) at the feed side comparing dilutive
internal concentration polarization (DICP) at the draw
solution side when the membrane selective layer faced to the
feed [16].

FUTURE WORK

Intensive investigations of OMBR with the activated
sludge from a DEMO MBR Plant and the comparison with a
conventional MBR are in progress. Other draw solutions
with an appropriate post-treatment other than salt solutions
with RO post-treatment will be investigated in future to
make the OMBR process more cost effective.

CONCLUSIONS

The conclusions from the study may be summarized as
follows:

1) Water fluxes of 6.3 LMH and 10.3 LMH were
achieved with osmotic pressure of 24 atm (0.5 M
NaCl) at 25 °C when the active layer faced to the feed
and the draw solution, respectively.

2) Effects of feed velocity and air velocity at the feed
side on water flux were not siganificant under the
testing conditions when the active layer faced to the
feed due to low ECP. However, there was a certain
influence of draw velocity on water flux when the
active layer faced to the draw solution due to the
effect of DECP.

3) Huge reduction of water flux compared to the ideal
pure water flux due to the coupled effects of CECP
and DICP.

4) NaCl was a much higher efficient osmotic agent than
MgSO, due to a greater solute diffusion coefficient of
NaCl.

Selection of a high performance FO membrane is a
limitation in this study as a thinner FO membrane would
reduce DICP and achieve higher flux. For a proper choice of
some major parameters, it is recommended that the air
velocity can be at 0.1 m/s when the membrane selective layer
faces to the feed while velocity of the draw solution can be
0.3 m/s when the membrane selective layer faces to the draw
solution.

NOMENCLATURE

J, water flux [L m* h]

J temperature-corrected [L m* h]
water flux at 25 °C

A water permeability [L m* h™atm™]
constant of the FO
membrane

An effective membrane area  [m?]

o reflection coefficient [-]

T the osmotic pressure [atm]

AT the  osmotic  pressure [atm]
differential
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Q water flow rate [LhY]
c concentration  of  salt [M]
solution
n number of ions [-1
R gas constant = 0.082057  [LeatmeK ™ emol™]
T temperature [K]
s osmotic coefficient [-]
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