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Forward osmosis (FO) is an emerging technology that has received much global interest due to its
potential applications in wastewater reclamation and seawater desalination. One of the major challenges
to overcome is the detrimental effects of concentration polarization (CP), which reduce the effective
osmotic pressure driving force and thus decrease productivity of the FO process. In this study, pressure
assisted osmosis (PAO) was investigated as a method to increase the effective driving force and water
flux by combining an osmotic pressure driving force with an additional hydraulic pressure. Experiments
were carried out to examine the efficiency of the PAO process using a bench-scale setup specially
designed to prevent membrane deformation under the applied hydraulic pressure. Results showed that
PAO water flux increased with increasing the applied hydraulic pressure in FO mode (i.e., active layer
facing the feed solution). The measured water fluxes were in good agreement with predictions based on
a model developed to describe the water flux in PAO operation. However, the PAO water flux was lower
than model predictions in PRO mode (i.e., active layer facing the draw solution). This observation is
attributed to the spacer ‘shadow effect’ and the resulting reduction in the effective membrane area by
the spacers. The results also showed that reverse solute flux decreased with increasing the applied
hydraulic pressure in both FO and PRO modes. Although applying hydraulic pressure to FO increases
energy consumption, the higher water flux in PAO reduces the number of membrane modules for the FO
process. In addition, control of the driving force is easier in PAO than FO, leading to flexibility in system
design and operation. Based on these results, a possible combination of FO and RO system with PAO was
proposed for allowing higher energy efficiency in seawater desalination.

Published by Elsevier B.V.

1. Introduction

membrane processes, FO may offer several advantages, including
lower use of electric energy, high rejection of contaminants, and

Increasing concern over the limited supply of fresh water from
conventional sources has increased the need to develop alterna-
tive water sources, including the reuse of wastewater and seawater
desalination. Forward osmosis (FO) is an emerging membrane
technology that can be used to produce clean water from these
alternative water sources. FO is driven by the osmotic pressure
difference across a semi-permeable membrane, and has received
much interest in recent years because of the wide range of
potential applications [1-3]. Compared with pressure-driven
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low membrane fouling tendency [4]|. Examples of potential FO
applications include wastewater treatment [5-7], seawater/brack-
ish desalination [8,9], and energy generation using salinity gradi-
ents [10-16].

However, there are several limitations that prevent large-scale
applications of the FO process. One critical limitation is the
phenomenon of concentration polarization (CP), which reduces
the effective osmotic pressure driving force across the membrane,
thereby lowering water flux. Of particular importance is the
internal concentration polarization (ICP) within the support layer
of FO membranes, which results in a marked decrease in the
osmotic pressure driving force compared to external concentration
polarization (ECP). Due to ICP, the FO water flux and productivity
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are generally lower than those of pressure-driven membrane
technologies, such as reverse osmosis (RO). Because CP is inherent
of the FO process and cannot be eliminated, it is of paramount
importance to better understand the phenomenon and to develop
methods to reduce its deleterious effects on the FO process.

In this paper we investigate a new FO operation, pressure
assisted osmosis (PAO), which incorporates the FO and RO pro-
cesses. In PAO, in addition to the osmotic pressure driving force
originating from the draw solution, hydraulic pressure is also
applied to increase the driving force for water transport. The
additional hydraulic pressure on the feed side was shown to not
only increase permeate water flux, but also reduce reverse solute
flux. We focused on the performance of PAO, with an emphasis on
the effect of hydraulic pressure and membrane orientation. Based
on the results obtained, we proposed a possible process innovation
incorporating PAO for seawater desalination.

2. Modeling water flux

Following the general equation for FO presented by Lee et al.
[13], McCutcheon and Elimelech [17] derived the following
simplified equations to predict the water flux, J,, in FO in the
presence of ECP and ICP:

Juw=A {nn’bexp( —JuwK)— g pexp (]?W)} (for FO mode) 1

Jw=A {nD,bexp ( —%"") - anbexp(]WK)} (for PRO mode) 2)
tr S
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Here, A is the membrane pure water permeability, zp, and zr), are
the draw and feed solution bulk osmotic pressures, respectively, K
is the solute resistance to diffusion within the porous support
layer, k is the mass transfer coefficient in the boundary layer at the
active layer side of the membrane, t, 7, and ¢ are the thickness,
tortuosity, and porosity of the support layer, respectively, D is the
bulk diffusion coefficient of the draw solute, and S is the structural
parameter of the membrane. The mass transfer coefficient k is
obtained from

_ShD
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where Sh is the Sherwood number and d, is the membrane
channel hydraulic diameter. The Sherwood number for a rectan-
gular membrane channel can be obtained as described elsewhere
[16].

In Egs. (1) and (2), the solute resistivity, K, and mass transfer
coefficient, k, are the key factors that control the permeate water
flux, J,,. Choi et al. proposed new equation for combined system of
FO and RO as below [18].

Jw=A <AP+ 7ppeXP ( —{{—‘Z) — ppeXp ({{—‘:’) > (for FO mode)  (5)

where AP is the transmembrane applied hydraulic pressure, and kg
and kp are the mass transfer coefficients for ECP and ICP,
respectively. Note that in this equation, kr and kp are equivalent
to k and 1/K in Egs. (1) and (2).

It is noteworthy that the total water flux in PAO is not simply
the sum of the water fluxes by FO and RO (i.e., J,, =] ro+Jwro)-
Actually, the increased water flux by the applied hydraulic pres-
sure decreases effective osmotic pressure due to enhanced ICP as
predicted by the zpyexp(—(J,,/kp)) term in Eq. (5).

For our experiments with deionized (DI) water feed in FO and
PRO modes, the equations for water flux simplify to

Jw =A(AP+7ppexp(—J,,K)) (for FO mode) (6)

Ju=A <AP+ 7ppeXP < —]I—‘;") ) (for PRO mode) 7

Here, we neglected the osmotic pressure term of feed side because
DI water was used as feed solution (zpj =0). Further, the con-
centration of salt in feed solution caused by reverse solute flux was
extremely small compared to draw solution concentration, even at
the end of the experiment; hence, this assumption (i.e., zg, = 0)is
acceptable in our experiments.

3. Material and methods
3.1. Membrane

Commercially available FO membranes (HTI, Albany, OR) made
of cellulose triacetate (CTA) were used in this study. They are flat
sheet membranes with an asymmetric structure. Polyester woven
mesh is embedded in the membrane structure to improve
mechanical strength. Basic information on this membrane is given
elsewhere [19].

3.1.1. Membrane characterization

The A and B coefficients were measured using an identical
membrane sample. The two coefficients were measured every
time when a membrane was replaced by a new sample after
each run.

3.1.2. Membrane orientation

Generally, two membrane orientation modes exist in the FO
process: one with the active layer facing the feed solution (FO
mode) and the active layer facing the draw solution (PRO mode).
Membrane orientation is important because water flux behaviors
are different for different membrane orientations, even with
identical concentrations of draw solution (i.e., identical osmotic
pressure) [20]. In our experiments, when the applied pressure was
over 20.7 bar (300 psi) in PRO mode, the membrane was damaged.
On the other hand, membrane damage was not observed in FO
mode, even at 27.6 bar (400 psi). For this reason, the maximum
applied pressures were set to 13.8 bar (200 psi) in PRO mode and
20.7 bar (300 psi) in FO mode, respectively, in our experiments.

3.2. Spacer and new test cell

Fig. 1 shows the schematic of the specially fabricated cell and
spacer design used in our experiment. Spacers are composed of
two different materials. One is a porous stainless steel spacer,
1.75 mm in thickness, that allows water to pass freely. The width
and length of the spacer are designed to fit the channel dimen-
sions in the test cell. The other spacer is a tailored permeate
carrier, which is used in commercially available spiral wound RO
membrane modules (Hydranautics Inc.). Four sheets of permeate
carrier are used to fill the remaining channel. These two types of
spacers are placed on both the feed and draw solution channels of
the test cell.

The spacers play a very important role in our experiments. In
PRO experiments, for example, when general diamond shape
plastic mesh spacers were used, the membrane underwent severe
deformation by the applied hydraulic pressure on the feed side.
This membrane deformation phenomenon has been reported
recently [11,16]. In our experiments, the same phenomenon was
observed and salt rejection decreased remarkably because the
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