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Abstract

Osmosis through asymmetric membranes has been studied as a means of desalination via forward osmosis and power generation through a
process known as pressure retarded osmosis. The primary obstacle to using asymmetric membranes for osmotic processes is the presence of internal
concentration polarization, which significantly reduces the available osmotic driving force. This study explores the impact of both concentrative
and dilutive internal concentration polarization on permeate water flux through a commercially available forward osmosis membrane. The coupling
of internal and external concentration polarization is also investigated. A flux model that accounts for the presence of both internal and external
concentration polarization for the two possible membrane orientations involving the feed and draw solutions is presented. The model is verified by
data obtained from laboratory-scale experiments under well controlled conditions in both membrane orientations. Furthermore, the model is used
to predict flux performance after hypothetical improvements to the membrane or changes in system conditions.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The separation of water from aqueous solutions using syn-
thetic polymeric membranes has been studied intensely for the
past half century. Over this time, pressure-driven membrane
separations, namely microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) have become
more popular as a viable separation technique for removing
undesired solutes from a solution. These pressure-driven mem-
brane processes have been employed heavily in the field of water
treatment, namely for filtration and desalination.

The major drawback of these pressure-driven membrane pro-
cesses, especially in RO desalination, is their operating cost.
Significant hydraulic pressures are required to overcome the
osmotic pressures of the source waters. This not only requires
significant energy, but also limits the feed water recovery and
hence produces a concentrated brine discharge. Brine discharge
has an environmental cost and limits the use of large-scale
membrane desalination to coastal areas where the brine can
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be discharged out to sea. This critical environmental drawback,
coupled with only incremental annual decreases in cost for RO
processes, has led to investigation into alternate means of desali-
nating water.

Using forward osmosis (FO) as an alternative to pressure-
driven membrane processes has been gaining some popularity
in the last few years. Conceptually proposed three decades
ago [1,2], FO uses a concentrated draw solution to generate
an osmotic pressure gradient across a semi-permeable mem-
brane. Water will naturally traverse the membrane via osmosis
into the draw solution. The draw solute is then either ingested
[3], discarded, or removed from the product water and recycled
[4-T7].

With many solutes being very effective osmotic agents (i.e.,
highly soluble and having a low molecular weight), the osmotic
pressure gradients that can be generated are enormous compared
to the hydraulic pressures used in RO. The prospect of naturally
occurring osmotic pressure gradients even prompted the explo-
ration of using FO as a means of power production when fresh
river water mixes with sea water, via a process called pressure
retarded osmosis (PRO) [8—12]. However, these studies in FO
and PRO all came to the same conclusion: permeate water fluxes
were far lower than anticipated based on the osmotic pressure
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difference across the membrane and the water permeability coef-
ficient of the membrane.

The primary reason for this finding is mired in the fact that
membrane development over the past four decades has occurred
based on their use in pressure driven, rather than osmotically
driven, processes. This has meant the designing of membranes
with very thin (and therefore highly permeable) dense layers
which reject the undesired solute, and very thick porous support
layers which mechanically support this thin active layer under
the hydraulic pressures required for operation [13].

In a pressure-driven membrane process, mass transfer on
the permeate side of the membrane is unimportant. It is only
important on the feed side of the membrane where concentra-
tion polarization effects [14,15] will reduce the permeate water
flux and can induce scaling or fouling. In an osmotic process,
however, mass transfer is critical on both sides of the membrane.
On the feed side, the polarized layer is more concentrated than
the bulk, as in RO, while on the permeate (draw) side, the layer
is more dilute. The severity of these effects can be controlled to
some degree with crossflow and well designed hydrodynamics.
When the membrane used is asymmetric, however, one of these
polarization effects is protected within the confines of a porous
support layer where crossflow cannot mitigate it.

The objective of this paper is to systematically investigate
this phenomenon, referred to as internal concentration polar-
ization (ICP), and elucidate its effect on permeate water flux
for a previously studied commercial FO membrane. Data from
experiments utilizing this membrane in the two possible orienta-
tions involving the feed and draw solutions will be presented to
describe dilutive and concentrative ICP, respectively. A model
that combines both internal and external concentration polar-
ization is used to verify the experimental water flux results at
different temperatures using a well characterized solute (NaCl).

2. Materials and methods
2.1. Feed and draw solutions

The feed and draw solutions were both composed of NaCl.
The feed solution concentration ranged from O (deionized water)
to 1.0 M, whereas the draw solution ranged from 0.05 to 1.5 M.
Solution characteristics, such as viscosity, density, and osmotic
pressure were calculated using software from OLI Systems Inc.
(Morris Plains, NJ) and Aspen HYSYS® (Cambridge, MA).
NaCl was the only solute used since it is easily characterized
for osmotic pressure and diffusion coefficient. Water flux was
the only performance parameter studied. NaCl rejection per-
formance of the FO process was previously reported for this
membrane [6,7].

2.2. Forward osmosis membrane

The membrane used was provided by Hydration Technolo-
gies, Inc. (Albany, OR). This membrane has been used in our
previous studies on FO [6,7]. The membrane chemistry is propri-
etary, though it is believed to consist of cellulose based polymers
and is hence denoted CA in this paper. This commercially avail-

able FO membrane is designed to not require a thick fabric
backing layer for mechanical support, unlike current generation
RO membranes. A polymer porous support layer is present, how-
ever, giving the membrane asymmetry [6]. The membrane uses
an embedded polyester mesh to provide additional mechanical
stability normally provided by a fabric backing in RO mem-
branes, thus allowing the overall membrane thickness to be much
less than in RO. The total thickness of the CA membrane is less
than 50 pm [6].

2.3. Forward osmosis crossflow system

The experimental crossflow FO system is similar to that
described in our earlier studies [6,7], with slight modifications.
The crossflow membrane unit is custom built with channels on
both sides of the membrane. The dimensions of the channel
are 77 mm long by 26 mm wide by 3 mm deep. Counter cur-
rent crossflow is used. Mesh spacers were inserted within both
channels to improve support of the membrane as well as to pro-
mote turbulence and mass transfer. Variable speed gear pumps
(Micropump, Vancouver, WA) were used to pump the liquids
in a closed loop. A constant temperature water bath (Neslab,
Newington, NH) was used to maintain both the feed and draw
solution temperature. Heat transfer took place within the water
bath through inline stainless steel heat exchanger coils which
were submerged in the bath. The draw solution rested on a
scale (Denver Instruments, Denver, CO) and weight changes
were measured over time to determine the permeate water
flux.

2.4. Forward osmosis runs

Forward osmosis runs were conducted using both possible
orientations of the asymmetric CA membrane. The first run ori-
ented the draw solution against the active layer and the more
dilute feed against the porous support layer. This orientation
has been used in previous studies on PRO, as the porous sup-
port layer is required to resist the pressurization of the permeate
stream [8,16], and will be referred to as the PRO mode. None of
the runs in this study, however, used any hydraulic pressure on
either side of the membrane. In the other orientation, the draw
solution is placed against the support layer and the dilute feed is
on the active layer. This is the typical orientation in FO, as was
described in our previous studies on FO desalination [6,7], and
will be referred to as the FO mode.

The following experimental protocol was used for both orien-
tations. The system was first run with deionized water on both
sides of the membrane to allow for temperature equilibration.
Concentrated NaCl (5 M) stock solution was then added to the
draw solution side to establish a draw solution of the desired
concentration and the flux was measured. After the flux mea-
surement was taken, more NaCl stock solution was added to the
draw solution to achieve the next desired concentration. This
procedure was followed for draw concentrations of 0.05, 0.1,
0.5, 1, and 1.5 M NaCl. These stepwise increases in draw solu-
tion concentration yielded flux as represented by the solid arrow
in Fig. 1.
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Fig. 1. Schematic diagram depicting the FO testing procedure. Using a deionized
water feed, the draw solution is incrementally increased in concentration up to
1.5M NaCl on one side of the membrane, represented by the solid line. A
subsequent increase in NaCl feed solution concentration while using the 1.5 M
NaCl draw solution produces the dashed line.

After a flux measurement was taken at the final concentration
of 1.5M NaCl draw solution with deionized water feed, SM
NaCl stock solution was added in appropriate amounts to the
feed side to establish a desired feed solution concentration. Flux
was determined at feed concentrations of 0.05, 0.1, 0.5, and
1 M NaCl. Draw solution concentration was assumed constant
at 1.5 M during this series of tests, since volumetric flux was low
relative to the volume of the draw solution. This set of data is
represented by the dotted line in Fig. 1.

It is important to note that volumetric changes in either solu-
tion due to water flux were taken into account when calculating
the amount of 5M NaCl stock solution to add to the draw
and feed solution sides. The experimental protocol described
above is advantageous for testing ICP effects since it does
not require membrane replacement for each test and eliminates
errors caused by variability between membranes.

3. Modeling flux and concentration polarization

Concentration polarization is a significant problem in
pressure-driven membrane desalination processes and has thus
been the target of several investigations [13—15]. Its presence
inhibits permeate flow due to an increased osmotic pressure at
the membrane active layer surface. In this study, we refer to this
as external concentration polarization (ECP). In osmotic pro-
cesses, concentration polarization can occur on both sides of the
membrane. On the feed side, the solute is concentrated at the
membrane surface. On the permeate side, the solute is diluted at
the membrane surface. We refer to these two linked phenomena
as concentrative and dilutive ECP, respectively.

When the membrane being used is asymmetric, one of these
boundary layers occurs within the porous support layer of the
membrane, protecting it from the shear and turbulence asso-
ciated with crossflow along the membrane surface. We refer to
this phenomenon as either concentrative or dilutive internal con-
centration polarization (ICP). Below, these four concentration
polarization phenomena are quantitatively described.

3.1. Concentrative and dilutive external concentration
polarization

Concentrative ECP refers to a well understood phenomenon
that currently afflicts pressure-driven membrane processes. Con-
vective water flow drags solute from the bulk solution to the
surface of the rejecting active layer. Water permeates this layer
leaving the solute behind in higher concentrations. The driv-
ing force must overcome this increased concentration in order
for water flux to occur. Concentrative ECP also occurs in FO
when the feed solution is placed against the active layer of the
membrane.

Knowing the overall effective osmotic driving force is impor-
tant in determining the flux performance in FO. We, therefore,
need to determine the concentration of the feed at the active layer
surface. This is not an easily measurable quantity, though it can
be calculated from experimental data using boundary layer film
theory. Determining the membrane surface concentration, out-
lined in McCutcheon et al. [7] and others [13,17], begins with
the calculation of the Sherwood number for the appropriate flow
regime in a rectangular channel:

dh 0.33
Sh =1.85 (Re SCL) (laminar flow) @)

Sh = 0.04Re* 72833  (turbulent flow) )

Here, Re is the Reynolds number, Sc the Schmidt number, dy, is
the hydraulic diameter, and L is the length of the channel. The
mass transfer coefficient, k, is related to Sh by

_ ShD

k= . 3

where D is the solute diffusion coefficient. The mass transfer
coefficient is then used to calculate what is called the concen-
trative ECP modulus:

TR — exp (JW> @
TTEb k

where J, is the experimental permeate water flux, and 7gm
and 7gp are the osmotic pressures of the feed solution at the
membrane surface and in the bulk, respectively. Note that the
exponent is positive, indicating that wgy, > 7rp. Concentrative
ECP only occurs on the feed side of a membrane. Furthermore,
in this equation we assume that the ratio of the membrane sur-
face concentration of feed solute to the bulk concentration is
equal to the corresponding ratio of osmotic pressures. This is
a reasonable assumption for relatively dilute solutions where
osmotic pressure is proportional to salt concentration.

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. A dilutive ECP
modulus can be defined as above, except that in this case, the
membrane surface concentration of the draw solute is less than
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that of the bulk [7]:
Jw

—exp (-3

Here, np , and np, are the osmotic pressures of the draw solu-
tion at the membrane surface and in the bulk, respectively. As
with Eq. (4), it is assumed that the ratio of the membrane surface
concentration of draw solute to the bulk concentration is equal
to the corresponding ratio of osmotic pressures.

To model the flux performance of the FO process in the pres-
ence of ECP, we start with the standard flux equation for FO,
given as

TD,m
Db

&)

Jw = A(zpp — 7Ep)

(6

where A is the pure water permeability coefficient. We assume
that salt does not cross the membrane, or that o, the osmotic
reflection coefficient, has a value of 1. Eq. (6) predicts flux as
a function of driving force only in the absence of concentrative
or dilutive ECP, which may be valid only if the permeate flux
is very low. When flux rates are higher, however, this equation
must be modified to include both the concentrative and dilutive

ECP:
J J
Jow=A [nD,b exp <—]:/) — TEp €Xp (;’)] 7)

A diagram depicting this phenomenon with a dense symmet-
ric membrane is given in Fig. 2(a). However, no dense symmetric
membranes are in use today for osmotic processes and therefore,
the usefulness of this particular flux model is limited. We must

J.R. McCutcheon, M. Elimelech / Journal of Membrane Science 284 (2006) 237-247

therefore consider the case where the membrane is asymmetric,
a case for which ICP effects are most significant.

3.2. Concentrative internal concentration polarization

When the feed is placed against the support layer of an asym-
metric membrane (as in PRO applications), 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 struc-
ture as it is transported into this layer by convective water flow.
The salt cannot easily penetrate the active layer from the sup-
port layer side and therefore increases in concentration within
the porous layer. This is referred to as concentrative ICP [18].

Lee et al. [8] derived an expression modeling this phe-
nomenon in PRO, which Loeb et al. [19] later described for
osmosis. This expression describes ICP effects and how they
relate to water flux and other membrane constants:

K:(l)lnB+AﬂD’m_jw

Jw B+ Angp
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

®)

T

K=—
De

©))
where D is the diffusion coefficient of the solute, and ¢, 7, and
¢ are the thickness, tortuosity, and porosity of the support layer,
respectively. K is a measure of how easily a solute can diffuse
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Fig.2. Illustration of osmotic driving force profiles for osmosis through several membrane types and orientations, incorporating both internal and external concentration
polarization. (a) A symmetric dense membrane; the profile illustrates concentrative and dilutive ECP. (b) An asymmetric membrane with the dense active layer against
the draw solution (PRO mode); the profile illustrates concentrative ICP and dilutive ECP. (c¢) An asymmetric membrane with the porous support layer against the
draw solution (FO mode); the profile illustrates dilutive ICP and concentrative ECP. Key: mp}, is the bulk draw osmotic pressure, 7p n, is the membrane surface
osmotic pressure on the permeate side, g, is the bulk feed osmotic pressure, 7gy, is the membrane surface osmotic pressure on the feed side, 7; is the effective
osmotic pressure of the feed in PRO mode, 7p is the effective osmotic pressure of the draw solution in FO mode, and A is the effective osmotic driving force.
Note that it is assumed that no ECP occurs along the porous support layer since NaCl is not reflected by the layer; in these cases, bulk osmotic pressure is equivalent

to membrane surface osmotic pressure.



J.R. McCutcheon, M. Elimelech / Journal of Membrane Science 284 (2006) 237-247 241

into and out of the support layer and thus is a measure of the
severity of ICP.

For membranes which reject salt to a high degree and operate
at high flux, B is negligible compared to the other terms in Eq.
(8). Therefore, as mentioned earlier, we ignore 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. (8):

Jw = Almpm — 7Ep exp(Jw K)] (10)

Eq. (10) defines water flux as a product of the water perme-
ability coefficient and the effective osmotic driving force. The
exponential term is a correction factor that can be considered
the concentrative ICP modulus, defined as

TTRji

= exp(Jw K) (11)
TEb

where 7g; is the osmotic pressure of the feed solution on the
inside of the active layer within the porous support. The positive
exponent indicates that 7g; > gy, or that the effect is concen-
trative. Fig. 2(b) illustrates concentrative ICP. Note that it is
assumed that no ECP occurs on the outer surface of the porous
support because the salt is assumed to be completely permeable
through this layer.

Eq. (10) requires the input of a membrane surface concentra-
tion on the permeate side of the membrane in order to predict
flux. Since this value is not measurable, we can substitute Eq. (5)
into (10) to obtain an analytical model for the effect of ICP and
ECP on permeate flux, which includes only measurable quanti-
ties:

J
Jow=A |:7TD’b exp (—:) — TEp exp(JwK)} (12)

All the terms in Eq. (12) are readily determined through exper-
iments or calculations. By solving Eq. (12), we can predict the
water flux through an asymmetric membrane where the feed is
placed against the support layer and the draw solution against
the active layer.

3.3. Dilutive internal concentration polarization

When the feed solution is against the active layer and the
draw solution is against the backing layer, as in the case of FO
desalination, the ICP phenomenon now occurs on the permeate
side. We refer to this as dilutive ICP since the draw solution is
diluted by the permeate water within the porous support of the
membrane [18]. Dilutive ICP is illustrated in Fig. 2(c). Loeb et
al. [19] similarly described flux behavior in the FO mode:

1 B+ A
K = <) In _ BtAmp (13)
Jw B+ Jy + Antgm

When assuming that the salt permeability is negligible (i.e.,
B =0, 0 =0) and the equation is rearranged, an implicit equation
for the permeate water flux is obtained:

Jw = Almpp exp(—JwK) — 7Em] (14)

Here, 7p is now corrected by the dilutive ICP modulus, given
by

7D,
=2 = exp(—JyK) (15)
Db
where rp  is the concentration of the draw solution on the inside
of the active layer within the porous support. The negative expo-
nent is indicative of dilution at this point, or 7p; <7pp.

By substituting Eq. (4) into (14), we get

Jw = A |7pp exp(—JwK) — b eXp (ka)] (16)
which models water flux for an asymmetric membrane, where
the draw solution is placed against the support layer and the
feed against the active layer, as in FO desalination. Again, the
terms in Eq. (16) are measurable system conditions and mem-
brane parameters. Note that here, dilutive ICP is coupled with
concentrative ECP, whereas in the previous section, Eq. (12),
concentrative ICP was coupled with dilutive ECP.

In each of these cases, the ECP and ICP moduli all contribute
negatively to the overall osmotic driving force. The negative con-
tribution increases with increasing flux, which creates a situation
where flux is self-limiting. This suggests that increasing bulk
osmotic driving force will provide diminishing increases in flux.
The experimental data below helps delineate the contribution of
the ECP and ICP to the driving force. The models presented here
are compared to these data later in the paper, requiring the cal-
culation of the ECP and ICP moduli. The ECP modulus is easily
calculable using known experimental conditions in conjunction
with Egs. (1)-(5). The ICP modulus, however, is more compli-
cated to calculate due to the solute resistivity term, K. The latter
is a function of membrane characteristics which are difficult to
determine or often unavailable due to proprietary issues. We will
revisit this subject later in Section 4.2.

4. Results and discussion
4.1. Flux behavior at different temperatures

Forward osmosis water flux data were collected at 20, 30, and
40°C in order to determine the effect of temperature on water
flux. It was hypothesized that increasing temperature would
increase water flux in a manner similar to that of RO. Flux
increases in RO with increasing temperature are primarily due
to a decreased viscosity of water which increases the diffusion
rate of water through the membrane and thus, its water perme-
ability coefficient. The same would be expected to occur in the
FO process as well.

Temperature will also affect both ECP and ICP. An increased
diffusion coefficient for the aqueous NaCl will increase the mass
transfer coefficient, reducing the impact of the ECP modulus
(making it closer to a value of one). The effect is similar for the
ICP modulus, where an increased diffusion coefficient reduces
solute resistivity. However, since both the ECP and ICP moduli
are exponential functions of the permeate water flux as well, the
temperature effect on these phenomena will be lessened, as an
increase in the water permeability coefficient of the membrane
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Fig. 3. Flux data plotted against the osmotic pressure difference between the
bulk feed and draw solutions at 20, 30, and 40 °C. The draw solution is against
the active layer and the feed solution is against the support layer. Experimental
procedure described in Section 2.4 and Fig. 1. Experimental conditions: cross-
flow rate of both feed and draw solution is 45.8 cm/s, indicated temperatures
apply to both feed and draw solution. Note that a water flux of 10 wm/s corre-
sponds to 21.2 gal ft—2d~! (gfd) or 36.01m~2h~"'.

will increase flux. The data below show our results for both
orientations of the membrane for each temperature.

4.1.1. Draw solution against the active layer

Fig. 3 presents flux data for FO runs in the PRO mode. Flux
is presented as a function of the osmotic pressure difference
between the bulk feed and draw NaCl solutions. The data follow
the protocol described in Fig. 1. Notice the significant increase
in flux with an increase in solution temperature, as hypothesized
above, for data representing flux in the absence of concentrative
ICP with DI water as feed (solid line). In the presence of ICP
(dashed line), the data suggest that temperature plays a negligible
role.

First, let us look at the solid lines in Fig. 3. A proportional
increase in flux would be expected with an increase in the effec-
tive osmotic pressure difference between the draw and feed
solutions. Since no NaCl is present in the feed solution, the non-
linear flux behavior can be attributed entirely to dilutive ECP on
the permeate side [7]. We would expect dilutive ECP to be sig-
nificant given the high water fluxes attained during these tests,
particularly at the higher osmotic pressure difference and tem-
perature.

As soon as NaCl is added to the deionized feed solution, the
flux drops precipitously, even for low bulk feed concentrations.
This is due to the development of concentrative ICP within the
porous support layer. This hysteresis effect indicates the signif-
icant impact concentrative ICP has on water flux, even at low
bulk feed concentrations. Even these low bulk feed concentra-
tions can cause severe ICP given the high water fluxes.

To isolate the effect of dilutive ECP from the concentrative
ICP, where the two phenomena are coupled, we can use the film
theory as described above in Section 3.3. The purpose of doing
so is to verify that the water permeability coefficient obtained
from the FO experiments is equal to the pure water hydraulic
permeability as well as to compare the severity of the ECP and
the ICP at the given temperatures. Fig. 4 shows the data from

1
w
o

Flux (gfd)

L
e
o

15 20 25 30 35 40 45 50
Tom ™ Ten (atm)

0 5 10

Fig. 4. Flux and driving force data (from Fig. 3) after correction for external con-
centration polarization (ECP) along the active layer (permeate side). The draw
solution is against the active layer and the feed solution is against the support
layer. Experimental protocol described in Section 2.4 and Fig. 1. Experimental
conditions: crossflow rate of both feed and draw solution is 45.8 cm/s, indicated
temperatures apply to both feed and draw solution. Note that a water flux of
10 wm/s corresponds to 21.2 gal ft=2d~! (gfd) or 36.01m=2h~!,

Fig. 3 corrected for dilutive ECP on the active layer (permeate
side). In this step, we replace the bulk draw solution osmotic
pressure, p,p, With the calculated draw solution osmotic pres-
sure at the surface of the membrane active layer, 7p . Again,
we assume that ECP does not occur on the support layer.

The data indicate two very important flux behaviors. First,
for a DI water feed, as the draw solution concentration against
the active layer is increased, the flux increases linearly with
increased osmotic pressure driving force based on the membrane
surface concentration of the draw solution. The slopes of these
lines match the pure water permeability (determined by RO) of
the membrane at the indicated temperatures. This matching of
the pure water permeability data to the osmotic flux data sug-
gests that our assumption about insignificant salt passage from
the draw to the feed is reasonable. If there was significant salt
passage from the draw solution, then these lines would be curved
due to the presence of concentrative ICP. It is also observed that
the effective driving force in Fig. 4 is significantly lower than
the driving force indicated in Fig. 3. Dilutive ECP causes this
significant decrease in driving force for several reasons. First,
the cell channel is rather deep (3 mm) and the Reynolds number
is relatively low (Re =~ 1000). These hydrodynamic conditions
lead to a dilutive ECP modulus which is significantly less than
one. Second, we must remember that the ECP is acting on the
draw solution, which is very concentrated. Pure water perme-
ating the membrane has a considerable dilutive effect on these
concentrated draw solutions. The data also indicate that ECP is
also very severe at higher temperatures, even in the presence of
higher diffusion coefficients. As mentioned earlier, the increased
water flux due to higher water permeability counteracts the effect
of the increased diffusion coefficient.

Fig. 4 shows that higher temperatures do indeed result in a
reduced severity of ICP. In Fig. 3, one could not distinguish the
flux behavior between the 20, 30, and 40 °C tests in the pres-
ence of dilutive ECP coupled with concentrative ICP. Once the
effect of dilutive ECP is accounted for, as in Fig. 4, it is clear
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Fig. 5. Flux data plotted against the osmotic pressure difference between the
bulk feed and draw solutions at 20, 30, and 40 °C. The draw solution is against
the support layer and the feed solution is against the active layer. Experimental
procedure described in Section 2.4 and Fig. 1. Experimental conditions: cross-
flow rate of both feed and draw solution of 45.8 cm/s, indicated temperatures
apply to both feed and draw solution. Note that a water flux of 10 wm/s corre-
sponds to 21.2 gal ft—2d~! (gfd) or 36.01m=2h~.

that less concentrative ICP exists at higher temperatures, at least
for lower feed concentrations. Another interesting result is that
the effective driving force increases upon the addition of salt to
the feed (data connected with dashed lines), even though flux is
decreasing. The sharp decrease in flux is due to concentrative
ICP; yet a decreased flux also reduces the extent of dilutive ECP,
which is very severe at the high draw solution concentration and
high flux prior to the addition of salt to the feed. The negative
contribution of concentrative ICP to the osmotic driving force
at low bulk feed concentrations is masked by the marked reduc-
tion in dilutive ECP modulus at lower fluxes. Flux reduction
due to ICP becomes dominant after the feed concentration sur-
passes 0.5 M NaCl, since further reduction in water flux has only
marginal effects on the dilutive ECP and bulk feed concentra-
tions are high enough to create severe concentrative ICP within
the porous support, even at lower fluxes.

4.1.2. Draw solution against the support layer

Flux data were taken under the same system conditions as
described in Section 4.1.1, except that the membrane was ori-
ented in the FO mode. The resulting water flux behavior is
presented in Fig. 5. The solid lines now indicate flux under the
influence of dilutive ICP in the absence of concentrative ECP
(because the feed is DI water). The non-linear flux behavior
with increasing draw solution concentrations is attributed to this
dilutive ICP. Similar flux behavior was observed in our previous
studies on FO [6,7]. The ICP is also responsible for the signifi-
cantly lower water flux rates when compared to Fig. 3. Increasing
the temperature resulted in increased water flux, though overall,
the flux rates were still quite low in comparison to the data above
for the PRO mode.

Upon addition of salt to the feed solution, flux decreases due
to what was thought to be a combined effect of decreased osmotic
pressure driving force and concentrative ECP. This was not the
case, however, as illustrated in Fig. 6. The driving force in this
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Fig. 6. Flux and driving force data from Fig. 5 after correction for external
concentration polarization (ECP) along the active layer (feed side). The draw
solution is against the support layer and the feed solution is against the active
layer. Experimental procedure described in Section 2.4 and Fig. 1. Experimental
conditions: crossflow rate of both feed and draw solution is 45.8 cm/s. Note that
a water flux of 10 wm/s corresponds to 21.2 gal ft=2 d~! (gfd) or 36.01m=2h~1.

figure is adjusted to account for the effects of concentrative ECP
(similar to Fig. 4). Note that accounting for concentrative ECP
only changes the data connected by dashed lines since the data
connected by solid lines indicate a deionized water feed and
therefore, are not affected by ECP. The change in the affected
data points is negligible, however, because of two conditions.
First, the permeate fluxes are relatively low, keeping the ECP
modulus relatively close to a value of one when compared to
those presented in Figs. 3 and 4. Second, concentrative ECP
reduces effective driving force to a lesser extent due to relatively
low feed concentrations when compared to the draw solution.
The highest fluxes occur with the lowest feed concentrations
and hence ECP has only a minor effect on effective driving
forces. As feed concentrations increase, lower water fluxes yield
an ECP modulus closer to one, further mitigating the negative
contribution to the overall driving force. Thus the decrease in
water flux due to the addition of NaCl to the feed is due primarily
to the decreased bulk osmotic pressure difference.

It is also important to note the hysteresis effect associated
with the data in Fig. 6. It would seem contradictory to observe
a change in flux behavior as a function of driving force with
the addition of a salt against the active layer of the membrane,
because the addition of this salt does not create additional ICP.
If anything, the lower flux rates caused by the increased feed
concentration should decrease the severity of the dilutive ICP.
This result is attributed, rather, to the increased severity of dilu-
tive ICP at a higher draw solution concentration, as suggested
in McCutcheon et al. [7]. Higher draw solution concentrations
produce less flux at a given bulk osmotic pressure difference due
to an increased degree of dilution within the porous support. The
dotted line represents data using the highest draw solution con-
centration at 1.5 M NaCl. Tests with the same effective osmotic
driving forces with a deionized water feed, represented by the
solid line, utilized a lower draw solution concentration resulting
in a higher flux at a given bulk osmotic pressure difference due
to a lesser ICP effect.
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4.2. Predicted flux behavior

Modeling can help predict how flux performance will change
with varying system conditions or membrane structure and
therefore, help to optimize performance without time consuming
or expensive experimentation. The models used here were pre-
sented in Sections 3.2 and 3.3. Previous studies [8,19] ignored
the presence of ECP, which may have been a valid assump-
tion because water fluxes were very low. In the case of the data
presented above, water flux rates are far too high to ignore the
presence of ECP, particularly in the PRO mode.

To solve for the permeate flux at a given bulk osmotic pres-
sure difference, Eqgs. (12) and (16) require that we know the
water permeability coefficient, A, the mass transfer coefficient,
k, and the solute resistivity for diffusion, K. The water perme-
ability coefficient is determined by reverse osmosis testing at
the appropriate temperature. The mass transfer coefficient can
be calculated as described in Section 3.1. The solute resistivity,
defined in Eq. (9), is a bit more complicated to determine. While
the diffusion coefficient of aqueous NaCl is available in litera-
ture, the thickness, tortuosity, and porosity of the porous support
for a particular membrane cannot be determined experimentally
with great accuracy. However, since these three structural char-
acteristics do not change for membranes that are mechanically
and chemically stable under the chosen experimental conditions,
the term KD =tt/e will be constant for a given membrane. To
verify that this model predicts flux accurately for our FO mem-
brane, we first determine the value of 77/ for this membrane.
The experimental data taken at 20 °C was used to determine tt/e
as summarized in Table 1.

It is interesting to note that the average tt/e value for the PRO
(i.e., feed against the support layer) and FO (i.e., feed against the
active layer) modes differ from one another. The small difference
may arise from varying diffusion coefficient of the NaCl within
the porous support due to varying NaCl concentration. The dif-
ference may also be due to the asymmetry of the support layer

Table 1
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Fig. 7. Flux data plotted against the osmotic pressure differences between the
bulk feed and draw solutions at 30 °C. Circles indicate experimental data from
Fig. 3, dashed line indicates model as given in Eq. (12). Model prediction is based
on a tt/e value of 2.98 x 10~* m and a diffusion coefficient of 1.73 x 10~% m%/s.
Experimental conditions: draw solution against the active layer, feed solution
against the support layer (concentrative ICP, dilutive ECP), crossflow rate and
temperature of both feed and draw solution is 45.8 cm/s and 30 °C, respec-
tively. Note that a water flux of 10 wm/s corresponds to 21.2 gal ft=2d~! (gfd)
or36.0lm2h~1.

itself. The model assumes a homogenous support structure and
asymmetry may cause different diffusion behavior depending
on the direction of the water flux and dissolved ion transport.
For modeling water flux in the PRO and FO modes, the cor-
responding average values of tt/e were used in Egs. (12) and
(16), respectively. All other parameters in these equations are
defined under specified solution concentrations, hydrodynamic
conditions, and temperatures.

4.2.1. Draw solution against the active layer
Fig. 7 shows the 30 °C data given in Fig. 3 (open symbols)
compared to predictions (dashed lines) based on Eq. (12). The

Data for 20 °C osmosis runs in the FO and PRO mode. Egs. (8) and (13), respectively, were used to determine K values [18], from which #t/e was calculated using a

diffusivity of 1.33 x 10~2 m?/s for NaCl [20]

Active layer Backing layer Flux (pm/s) (gfd) K (10°s/m)  tt/e (10~* m)
Concentration (M) Osmotic pressure® (atm) (psi) Concentration (M) Osmotic pressure (atm) (psi)
Concentrative ICP, dilutive ECP (PRO mode)
1.50 42.17 (619.53) 0.05 2.33 (34.3) 8.82 (18.69) 2.02 2.69
1.50 45.88 (673.91) 0.10 4.67 (68.6) 7.35(15.59) 2.12 2.82
1.50 58.56 (860.32) 0.50 23.35 (343.0) 3.11 (6.60) 2.36 3.13
1.50 65.59 (963.52) 1.00 46.70 (685.9) 1.14 (2.42) 247 3.29
Average 2.24 2.98
Dilutive ICP, concentrative ECP (FO mode)
0.00 0.00 (0.00) 1.50 70.04 (1028.9) 5.05 (10.70) 2.83 3.76
0.05 3.06 (44.96) 1.50 70.04 (1028.9) 4.70 (9.97) 2.80 3.73
0.10 6.00 (88.15) 1.50 70.04 (1028.9) 4.36 (9.24) 2.81 3.74
0.50 27.11 (398.23) 1.50 70.04 (1028.9) 2.59 (5.50) 2.56 341
1.00 49.63 (729.06) 1.50 70.04 (1028.9) 1.06 (2.25) 2.52 3.35
Average 2.70 3.60

2 Osmotic pressure at membrane surface, adjusted for external CP.
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Concentrative ICP / Dilutive ECP, 40°C

Dilutive ICP / Concentrative ECP, 30°C

T T T T T T

245

20 | . A
A Experimental -1 440
-~
— — — Model 5 !
P !
15| Al
P A 130
—_ e / o
- i a B
S 10k s L8 -]
= AN ’ 120 =2
S s s =
w ’
s o A
= -~
y - 10
£ &
1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Ty, — e, (atm)

Fig. 8. Flux data plotted against the osmotic pressure differences between the
bulk feed and draw solutions at 40 °C. Triangles indicate experimental data from
Fig. 3, dashed line indicates model as given in Eq. (12). Model prediction is based
on art/e value of 2.98 x 10~* m and a diffusion coefficient of 2.12 x 10~2 m?/s.
Experimental conditions: draw solution against the active layer, feed solution
against the backing layer (concentrative ICP, dilutive ECP), crossflow rate and
temperature of both feed and draw solution is 45.8 cm/s and 40 °C, respec-
tively. Note that a water flux of 10 wm/s corresponds to 21.2 gal ft=2d~! (gfd)
or36.0lm=2h~L.

average value of t7/e given in Table 1 (i.e., 2.98 x 10~%s/m)
and a diffusion coefficient of 1.73 x 102 m?%/s [20] were used
to calculate the K value at this temperature. The temperature
effect on the mass transfer coefficient has also been taken into
account (for viscosity, diffusion coefficient, and density). The
same is true for Fig. 8, where the points indicate experimental
data given in Fig. 3 for 40 °C tests and the dashed line indicates
the model prediction, this time with all parameters calculated
taking into account the temperature condition of 40 °C (diffusion
coefficient of 2.12 x 107 m%/s).

The model fits the experimental data very well for both tem-
peratures. This indicates that the model can be used with this
particular value of tt/e in the PRO mode to accurately predict
flux under a variety of hydrodynamic or temperature conditions.
It can be used for other membranes also, but the assumption that
B =0 must still be valid and new values of /¢ and A must be
obtained using experimental data.

4.2.2. Draw solution against the backing layer

When the membrane is in the FO mode, we encounter a situ-
ation in which dilutive ICP is coupled with concentrative ECP.
Again, we can use the averaged tt/e values (FO mode) taken
at 20 °C to predict flux for the dilutive ICP coupled with con-
centrative ECP, as shown in Eq. (16). The results of the model
shown with the experimental data taken at 30 °C (from Fig. 5)
are shown in Fig. 9. The 40 °C data from Fig. 5 and the corre-
sponding model are shown in Fig. 10.

Again, excellent agreement between the experimental data
and the model show that the model is accurate for our FO mem-
brane at the given hydrodynamic conditions. With the validity
of the model proven against experimental data for both orien-
tations (i.e., PRO and FO modes), we can use it as a reliable
stand-alone predictor for flux based on changing membrane or
system characteristics.
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Fig. 9. Flux data plotted against the osmotic pressure differences between the
bulk feed and draw solutions at 30 °C. Circles indicate experimental data from
Fig. 5, dashed line indicates model as given in Eq. (16). Model prediction is based
on a rt/e value of 3.60 x 10~* m and a diffusion coefficient of 1.73 x 10~% m?/s.
Experimental conditions: draw solution against the support layer, feed solution
against the active layer (dilutive ICP, concentrative ECP), crossflow rate and
temperature of both feed and draw solution is 45.8 cm/s and 30 °C, respec-
tively. Note that a water flux of 10 wm/s corresponds to 21.2 gal ft—2 d~! (gfd)
or36.0lm—2h~"1.

4.3. Improving water flux in forward osmosis

Previous studies on PRO and FO processes have concluded
that the primary obstacle to the development of an economic
osmotic process is the presence of internal concentration
polarization. Reducing the prevalence of this phenomenon
will improve the performance, and therefore the economic
viability, of the FO and PRO osmotic processes. The data
presented here have shown that changing the system conditions,
such as increasing temperature, has improved membrane flux
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Fig. 10. Flux data plotted against the osmotic pressure differences between the
bulk feed and draw solutions at 40 °C. Triangles indicate experimental data from
Fig. 5, dashed line indicates model as given in Eq. (16). Model prediction is based
on a rt/e value of 3.60 x 10~* m and a diffusion coefficient of 2.12 x 10~% m?/s.
Experimental conditions: draw solution against the support layer, feed solution
against the active layer (dilutive ICP, concentrative ECP), crossflow rate and
temperature of both feed and draw solution is 45.8 cm/s and 40 °C, respec-
tively. Note that a water flux of 10 wm/s corresponds to 21.2 gal ft=2d~! (gfd)
or36.01m=2h~1.
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Fig. 11. Predicted flux in the FO mode based on model given in Eq. (16). A K
value of 2.70 x 10° s/m is used for the line marked “K” (given in Table 1 for
the CA membrane). K is then changed by the indicated factor to show the effect
on water flux performance. The draw solution has a maximum concentration of
1.5 M NaCl and is against the support layer (dilutive ICP). The feed is assumed to
be deionized water and is against the active layer (no concentrative ECP). The
dotted line indicates the hydraulic permeability of the membrane using pure
water.

performance in the absence of ICP. However, in the presence of
ICP, these improvements are marginalized by self-limiting flux
behavior. Our ability to reduce the prevalence of ICP is limited
when we only attempt to control the system conditions external
to the membrane.

The only way to markedly reduce the prevalence of ICP is
to limit flux or to reduce the solute resistance to diffusion, K.
In PRO, flux may be kept low intentionally by pressurizing the
permeate side. This is not the case in FO, however, where lim-
iting flux reduces the rate at which product water is obtained.
So in FO, the only option is to reduce the value of K. This can
be done external to the membrane only by increasing the diffu-
sion coefficient, a feat only possible by increasing temperature
or changing the draw solute. Temperature dependency on flux
was shown above and the modest effect on ICP can be seen
in Figs. 5 and 6. Changing the draw solute is rarely an option
since the solute recovery step is critical in determining the eco-
nomics of the FO process. The only other option is to tailor the
membrane for more optimal osmotic performance by making
the membrane porous support layer more porous or less thick
(tortuosity is more difficult to control). The reduction of K can
be accomplished by any combination of these modifications.

We can determine the effect of changing K by numerically
solving Eq. (12) or (16), depending on the membrane orienta-
tion and system conditions, for different values of K, using our
FO membrane as a basis. Fig. 11 shows a simplified case in the
FO mode based on the exact flow and temperature conditions
as described earlier in the paper with our FO membrane. The
solid line labeled K indicates the predicted flux for 20 °C over
a range of NaCl draw solution concentrations for our FO mem-
brane with a deionized water feed. When K is changed by the
indicated factor, the flux profile changes. As anticipated, lower K
values result in higher predicted fluxes for identical bulk osmotic
driving forces. More pronounced is the change in the required
draw solution osmotic pressure for a given flux. For example,

for a desired flux of 10 gfd (4.72 wm/s), a decrease in K by only a
factor of 2 from our current FO membrane leads to reduction of
required draw solution osmotic pressure from 45 to 20 atm, more
than halving the draw concentration. These differences become
more pronounced at higher fluxes. This fact has serious rami-
fications with regard to the draw solute recovery process since
lower draw solution concentrations will require less energy to
separate.

The flux behavior in the presence of dilutive ICP becomes
more ideal the lower K becomes. Ideal flux behavior is given by
the dashed line which represents the pure water permeability data
as determined from RO. The model, however, can only be used
assuming that no ECP takes place on the support layer side of the
membrane. Thus, as K approaches zero (i.e., no porous support
layer), this assumption is no longer valid, especially for high
permeate water fluxes and more concentrated draw solutions.

5. Concluding remarks

In this investigation, the coupled effects of internal and
external concentration polarization on permeate flux were eluci-
dated and discussed for forward osmosis across a commercially
available forward osmosis membrane. This membrane, which
is asymmetric in nature, was found to exhibit flux reductions
due to severe internal concentration polarization in both the
PRO and FO modes. External concentration polarization was
found to negatively impact osmotic driving force when the
membrane was used in the PRO mode, though its effect was
relatively small in the FO mode. Increased temperature was
found to improve flux performance, but increases were lim-
ited due to the severity of internal and external concentration
polarization at higher fluxes. Flux models accounting for both
internal and external concentration polarization in both the PRO
and FO modes were presented and used to predict flux under
specified experimental conditions. These models relied on the
experimental determination of the solute’s resistance to diffu-
sion, K, which is a measure of a solute’s ability to diffuse into
and out of the membrane porous support layer. Data collected
from forward osmosis tests were found to closely match model
predictions. With the availability of a standalone model, it was
determined that flux could be predicted accurately based on
assumed changes in membrane structure. Modest changes in
membrane structure, leading to a reduction in K, were found
to significantly improve flux performance and reduce necessary
osmotic driving forces in FO. Further studies exploring the cou-
pling of ECP and ICP would help predict flux performance based
on membrane characteristics and hydrodynamics. Optimization
of these parameters would contribute to the design and fabrica-
tion of an improved membrane, tailored for the forward osmosis
process.
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