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Abstract

A novel forward (direct) osmosis (FO) desalination process is presented. The process uses an ammonium
bicarbonate draw solution to extract water from a saline feed water across a semi-permeable polymeric membrane.
Very large osmotic pressures generated by the highly soluble ammonium bicarbonate draw solution yield high
water fluxes and can result in very high feed water recoveries. Upon moderate heating, ammonium bicarbonate
decomposes into ammonia and carbon dioxide gases that can be separated and recycled as draw solutes, leaving the
fresh product water. Experiments with a laboratory-scale FO unit utilizing a flat sheet cellulose tri-acetate membrane
demonstrated high product water flux and relatively high salt rejection. The results further revealed that reverse
osmosis (RO) membranes are not suitable for the FO process because of relatively low product water fluxes attributed
to severe internal concentration polarization in the porous support and fabric layers of the RO membrane.
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1. Introduction

Freshwater scarcity is a growing problem in
many regions in the world. Unchecked population
growth and the impairment of existing freshwater
sources cause many countries and communities
in dry regions to turn to the ocean as a source of

freshwater. Current desalination technologies are,
however, prohibitively expensive and energy
intensive. Reverse osmosis (RO), a commonly
used desalination technology, is significantly more
expensive than the standard treatment of fresh-
water for potable use. Less expensive methods of
desalination are needed to make desalination
technologies more competitive with freshwater
treatment.
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To reduce the cost of existing desalination
technologies, it is prudent to focus on what makes
current technologies so expensive. Energy is indis-
putably the most significant contributor to the cost
of desalination [1]. Hence, reduction in energy
usage is the primary objective to making desalina-
tion more affordable.

Forward (or direct) osmosis (FO) is a process
that may be able to desalinate saline water sources
at a notably reduced cost. In forward osmosis, like
RO, water transports across a semi-permeable
membrane that is impermeable to salt. However,
instead of using hydraulic pressure to create the
driving force for water transport through the
membrane, the FO process utilizes an osmotic
pressure gradient. A “draw” solution having a
significantly higher osmotic pressure than the
saline feed water flows along the permeate side
of the membrane, and water naturally transports
across the membrane by osmosis. Osmotic driving
forces in FO can be significantly greater than hyd-
raulic driving forces in RO, potentially leading to
higher water flux rates and recoveries.

In RO, typical seawater recoveries are between
35–50% [2]. The remaining salt solution, now
concentrated brine, is discharged back to sea. This
is a critical environmental drawback to RO and
also limits its use to coastal areas since brine from
brackish groundwater desalination cannot be
disposed of inland in an economical manner. At a
high recovery from typical seawater, the salt may
be induced to precipitate, eliminating the need of
this environmentally harmful brine discharge. RO
cannot achieve this high recovery due to hydraulic
pressure limitations of the pumps and membrane
housings. However, with the use of a suitable draw
solution, as in our novel FO process described in
this paper, very high osmotic pressure driving
forces can be generated to achieve high recoveries
that, in principle, can lead to salt precipitation.

In this paper we describe a novel forward
osmosis process for seawater and brackish water
desalination. The novel process operates by using
a concentrated ammonium bicarbonate solution

to extract water from a saline feed stream across
a semi-permeable membrane. Laboratory-scale
experiments with a semi-permeable cellulose
triacetate membrane demonstrate that the new FO
process yields high water flux with very limited
salt passage.

2. Previous forward osmosis efforts

Several attempts to use forward osmosis as a
means of desalting saline waters have been re-
ported in the past four decades. These methods
involved the generation of an osmotic pressure
difference across a semi-permeable membrane by
use of a draw solution at the permeate side. The
resulting osmotic pressure difference induces
transport of water through the membrane from the
feed (saline water) side to the permeate side. A
variety of methods to generate the osmotic pres-
sure difference have been used. The relevant pre-
vious forward osmosis efforts for desalination —
mostly presented as patents with limited technical
details and performance data — are summarized
below.

Batchelder [3] described a process of adding
volatile solutes, such as sulfur dioxide, to seawater
or freshwater to create a solution which may be
used in a forward osmotic process to extract water
from seawater. The suggested membrane to be
used in this process was cellulosic in nature. Other
examples in the patent described the use of carrot
root as a membrane material. The process is
carried out until the draw solution is sufficiently
dilute, at which point the volatile solute is removed
by heating and/or air stripping. The patent, how-
ever, only determined that positive water flux
occurred in the experiments and did not quantify
the flux or salt rejection.

Glew [4] expanded on this idea by describing
a method of forward osmosis using a mixture of
water and another gas or liquid. This mixture is
intended to lower the “activity” of the water
solution to the point that a net flow of potable
water will be induced from the seawater, after
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which the miscible solid or liquid will be removed
from the fresh water by “standard means”. The
use of sulfur dioxide and aliphatic alcohols as a
component of the draw solution is suggested. This
is also the first FO technique that suggests the
removal and recycle of the draw solute in the
overall process.

Frank [5] described a method of forward
osmosis using a precipitable salt, in this case
aluminum sulfate, as the draw solution solute.
Following osmosis of water across the membrane,
the diluted draw solution is dosed with calcium
hydroxide, leading to the precipitation of aluminum
hydroxide and calcium sulfate. The precipitate is
removed by standard methods leaving the fresh
product water. Excess calcium hydroxide from the
precipitation step can be removed by dosing with
sulfuric acid or carbon dioxide, which produces
calcium sulfate and calcium carbonate pre-
cipitates, respectively. This step requires addi-
tional solid removal and leads to neutral pH in
the product water. The membrane used in the
patent is of similar characteristics to the Loeb–
Sourirarjan [6,7] type cellulose acetate membrane.
Water flux and salt rejection data were not
presented.

Kravath [8] described a process of seawater
desalination achieved by forward osmosis of water
across a cellulose acetate membrane. Initial tests
were run with a dialysis cell with glucose as the
draw solute and seawater as the feed. Additional
tests were run with glucose dissolved in seawater
as a draw solution. Emergency lifeboats were
considered as a possible use of the process in
which seawater would be brought aboard a
lifeboat and glucose would be added. Additional
seawater would be passed through a dialysis unit
leading to osmosis and a dilution of the seawater/
glucose draw solution. Upon dilution, the salinity
would be reduced to a level where ingestion would
be possible for short term consumption. The flat
sheet cellulose acetate membranes did not perform
well in terms salt rejection. Hollow fiber mem-
branes were also tried and results improved. Draw

solute removal was not considered because the
solute was intended for ingestion.

Stache [9] expanded Kravath’s idea by des-
cribing the use of a membrane bag to desalinate
small volumes of seawater while simultaneously
creating a nutritious drink. This batch process is
accomplished by placing a concentrated fructose
solution in a semi-permeable membrane bag.
Fructose is used because of its relatively high
‘osmotic efficiency’, namely it is highly soluble
and can generate a large osmotic pressure. The
bag is submersed in seawater and water diffuses
into the concentrated fructose draw solution until
it is suitably dilute. Like in Kravath’s paper,
separation of the draw solute is unnecessary since
the solute is intended for ingestion. It is a batch
process, and for repeated use, additional concen-
trated fructose solution is needed.

Yaeli [10] expanded yet again on the idea of
using sugar as a draw solution by combining FO
and low pressure RO into a continuous process.
Using a concentrated glucose solution as a draw
solution, water is extracted from seawater by
osmosis. The diluted glucose solution is fed to an
RO unit, where a low pressure RO membrane
separates potable water from the sucrose draw
solution. A loose RO membrane can be used
because of the relatively large size of the sucrose
molecules. The now concentrated sucrose solution
is fed back to the FO membrane module where
the process starts again. Recovery in this process
is limited, however, due to a relatively low osmotic
efficiency of sucrose.

McGinnis [11] described a method of forward
osmosis using a combination of draw solutions
across several semi-permeable membranes. This
patent combined the ideas of draw solution recycle
with an osmotically efficient draw solution to
increase recovery. The two-stage FO process takes
advantage of the temperature dependent solu-
bilities of the solutes, in this case potassium nitrate
(KNO3) and sulfur dioxide (SO2). Seawater is
heated and fed to the FO membrane unit where a
heated solution of saturated potassium nitrate
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serves as the draw solution. The diluted draw
solution is sent to a new chamber where it is cooled
by incoming seawater, which is simultaneously
heated to the appropriate feed temperature. Upon
cooling, a significant portion of the KNO3
precipitates out of solution, reducing the osmotic
pressure. Next, the diluted KNO3 solution is drawn
to another FO unit, where dissolved SO2 acts as
the draw solution. The dilute KNO3 solution has
a low osmotic pressure in comparison with the
saturated SO2 solution, and water diffuses across
the membrane while the KNO3 is rejected. The
sulfur dioxide is then removed through standard
means, leaving potable water. All solutes are
recycled in the process. A system using sulfur
dioxide as the lone draw solution is not considered
since a saturated sulfur dioxide solution does not
have enough osmotic pressure to realize as high a
recovery as a saturated KNO3.

3. The ideal draw solution for forward osmosis

The studies discussed above demonstrate that
the primary obstacle to a feasible FO process is
the lack of an appropriate draw solution. An
effective draw solution solute must have very
specific characteristics. It must have a high os-
motic efficiency, meaning that it has to be highly
soluble in water and have a low molecular weight
in order to generate a high osmotic pressure.
Higher osmotic pressure leads to higher water flux
and feed water recovery. As we discussed earlier
in the paper, a goal of an ideal FO desalination
process is to have a zero-liquid discharge (ZLD)
configuration, requiring very high recoveries which
are obtainable only through a large osmotic
driving force.

The draw solute must also be non-toxic as trace
amounts may be present in the product water. In
some cases, the solute is edible, as is the case with
sucrose or fructose. These solutes, however, can-
not generate the necessary osmotic pressures to
achieve a ZLD recovery level of seawater. Chem-
ical compatibility of the membrane is also a key

concern as the draw solution can react or degrade
the membrane. Most importantly, for processes
involving the production of potable water without
a comestible solute, the draw solute must easily
and economically be separated and recycled.

4. The novel forward osmosis desalination
process

4.1. The draw solution: ammonium bicarbonate

Using a draw solution of two highly soluble
gases — ammonia (NH3) and carbon dioxide
(CO2) — satisfies the ideal draw solution criteria
discussed above [12]. The concentrated draw
solution is made by dissolving ammonium bicar-
bonate salt (NH4HCO3) in water. The high
solubility in conjunction with a relatively low
molecular weight of the salt leads to a very high
osmotic efficiency. Calculated osmotic pressure
as a function of draw solution (NH4HCO3) concen-
tration is shown in Fig. 1. The calculation shows
that osmotic pressures far greater than that of
seawater can be generated with our draw solution,

Fig. 1. Osmotic pressure generated by ammonium bicar-
bonate solution at 50°C. Calculations were carried out
with a software package from OLI Systems, Inc. (Morris
Plains, NJ). The horizontal dashed lines represent osmotic
pressures of the following feed waters: seawater and sea-
water undergoing 50% and 75% recovery.
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providing the necessary driving forces for high
potable water flux and high recovery.

Separation of the fresh product water from the
draw solution can be achieved with relative ease.
Upon moderate heating (near 60°C), ammonium
bicarbonate can be decomposed into ammonia and
carbon dioxide gases [13]. The gases can then be
removed from solution by low-temperature distil-
lation using relatively low energy. Other gas
separation processes, such as membrane based
technologies, can also be used.

4.2. Process configuration

Fig. 2 presents a schematic diagram of our
novel FO desalination process [12]. The saline
feed water is fed to the forward osmosis unit
which, in principle, can incorporate spiral wound
or hollow fiber membrane modules. The feed
water and draw solution flow tangent to the
membrane in a crossflow mode. Through osmosis,
water transports from the seawater across the salt
rejecting membrane and into the NH4HCO3 draw
solution. High osmotic pressure gradients can lead
to a high recovery given appropriate staging of
the process. Using concentrated draw solutions
can lead to a ZLD configuration. The elimination
of brine discharge provides a major environmental

 Draw solute
separation 

Diluted draw 
solution 

FO membrane 
unit 

Potable water 

Brine

Saline feed 
water 

Concentrated draw 
solution recycle 

Fig. 2. Schematic diagram of the novel ammonia-carbon dioxide
forward osmosis desalination process.

benefit for FO, compared to current RO techno-
logy.

To yield potable water, the diluted draw solu-
tion is sent to a separation unit, comprising a distil-
lation column or a membrane gas separation unit.
The NH3 and CO2 are separated from the draw
solution and recycled back to the FO unit. Because
of the relatively low heat requirements of NH3
and CO2 removal, the separation stage can utilize
waste steam which is a common byproduct of
electricity production.

5. Testing the FO process: experimental methods

5.1. Forward osmosis setup

Fig. 3 describes the apparatus used in our
laboratory-scale FO experiments. The crossflow
membrane unit is a commercial SEPA cell (GE
Osmonics, Trevose, PA), which has been modified
to have channels on both sides of the membrane.
The draw solution is flowing on the permeate side
and the salt (NaCl) solution on the feed side. Co-
current flow is used to reduce strain on the
suspended membrane. Mesh spacers are also
inserted within both channels for support. These
spacers also serve to increase turbulence and hence
mass transport on both sides of the membrane.
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Variable speed peristaltic pumps (Manostat,
Barrington, IL) are used to pump the liquids. A
constant temperature water bath (Neslab, Newing-
ton, NH) was used to maintain the feed solution
temperature. A heating mantle (Glas-Col, Terre
Haute, IN) is used to maintain the temperature of
the draw solution. Both the feed and draw solu-
tions were held at the same temperature during
the FO tests and were controlled to within ±1°C.

5.2. Membranes tested

Two commercially available flat sheet RO
membranes were tested. The membranes are
denoted by the manufacturer (GE Osmonics) as
AG and CE and are used for brackish water RO.
The AG membrane is a polyamide thin film com-
posite membrane formed by interfacial polymer-

Fig. 3. Schematic diagram of the laboratory-scale forward osmosis setup. Cocurrent flow of feed NaCl and draw solu-
tions is used in the crossflow cell. Scale connected to a computer measures the mass of water permeating into the draw
solution, from which product water flux is calculated.
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PC 
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Temp. Control 

ization on a polysufone backing. The CE mem-
brane is a cellulose acetate asymmetric membrane.
Both membranes have thick fabric backing layers
which provide mechanical support.

One commercially available FO membrane
was tested (provided by Hydration Technologies,
Albany, OR). The proprietary membrane is
thought to be made from cellulose triacetate and
is used for landfill leachate dewatering through
forward osmosis [14]. In this paper, the membrane
will be denoted as CTA.

5.3. Determination of water flux

Water flux is determined by measuring the
weight change (Ohaus, Pine Brook, NJ) of the
draw solution over a selected time period. As water
transports across the membrane from the saline
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feed water into the draw solution, the draw
solution weight increases as shown in Fig. 4. The
slope of this line divided by the membrane area
gives the permeate water flux.

5.4. Determination of salt rejection

Determining the amount of NaCl passage into
the concentrated solution of NH4HCO3 is a more
complicated task. The contribution of NaCl to the
overall ionic strength is negligible compared to
the contribution by the carbonate and ammonium
ions in the draw solution, rendering conductivity
analysis useless. Interfering ions combined with
high ionic strength create similar problems with
ion selective electrodes. Gravimetric analysis is
deemed error prone due to minute amounts of salt
permeating the membrane over relatively short test
times.

The method used to overcome these obstacles
requires several steps. A sample of draw solution
is taken after a complete FO run. That sample is
boiled until all water evaporates. During the
boiling process, the ammonium bicarbonate

Fig. 4. Sample of permeate water volume raw data. Water
flux is determined by dividing the initial slope of the curve
with the membrane surface area. Experimental conditions
were as follows: 6 M ammonium bicarbonate draw solu-
tion, 0.2 M sodium chloride feed solution, and temperature
of both feed and draw solutions of 50°C.

decomposes to ammonia and carbon dioxide gases
that leave solution prior to the water boiling off,
leaving only NaCl behind. This remaining salt is
rehydrated with a known volume of deionized
water, and the concentration is determined by a
chloride selective electrode (Cole-Parmer, Vernon
Hills, IL). Based on the amount of water passed
into the draw solution over the course of the
experiment and the final amount of NaCl in the
draw solution, the permeate NaCl concentration
is determined. The percent salt rejection R is then
calculated from

1 100p

F

C
R

C
⎛ ⎞

= − ×⎜ ⎟
⎝ ⎠

(1)

where Cp and CF are the permeate and feed NaCl
concentrations, respectively.

6. Testing the novel FO process: water flux and
salt rejection

6.1. Influence of membrane type on water flux

The permeate water flux was evaluated for the
three membranes using the novel NH3–CO2 draw
solution. Each membrane was tested in a crossflow
mode with a 6 M NH4HCO3 draw solution and a
0.5 M NaCl feed solution, which is representative
of seawater. The feed solution was directed against
the active layer of the membrane and the draw
solution was directed against the backing layer.
Both the feed and draw solutions were maintained
at 50°C. Fig. 5 compares the flux data of the AG,
CE, and CTA membranes at these feed and draw
solution conditions. Under the same experimental
conditions, the CTA membrane had a notably
higher water flux than either RO membrane. An
investigation into the cause of this marked differ-
ence in water flux is presented below. Determining
what system conditions affect water flux is a
crucial step to the fundamental understanding of
osmosis and eventual optimization of the FO
process.
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6.2. Why the significant difference in water flux?

According to the characteristic water flux
equation for flow across a semi-permeable mem-
brane, when osmotic pressure is the driving force,

( )J A= ∆π (2)

two parameters can affect the water flux: A and
∆π. The water permeability coefficient (A) is a
measure of how easily water transports across the
membrane. For dense membranes where the solu-
tion-diffusion mechanism governs water transport,
this coefficient is dependent on such membrane
characteristics as membrane thickness, partition
(sorption) coefficient of water into the membrane,
and diffusivity of water within the polymer mem-
brane phase [15]. The driving force (∆π) is the
difference in osmotic pressures across the mem-
brane between the draw and feed solution sides.

For a significant difference in water flux to
occur between the different membranes under the
same experimental conditions (Fig. 5), either one
or both of these two parameters must differ.
Examination of these two parameters in relevance
to the membranes tested is described below.

Fig. 5. Comparison of water flux in forward osmosis mode
for the three membranes tested: AG and CE (RO mem-
branes), and CTA (FO membrane). Experimental condi-
tions were as follows: 6 M ammonium bicarbonate draw
solution, 0.5 M sodium chloride feed solution, and tem-
perature of both feed and draw solutions of 50°C.

6.2.1. Membrane hydraulic permeability

Water permeability was experimentally deter-
mined using a hydraulically pressurized RO cross-
flow filtration cell. The flux of pure water through
each membrane was determined under a range of
pressures. The results of these hydraulic perme-
ability tests are shown in Fig. 6. As expected, the
data show a linear relationship between driving
force and water flux. Membrane hydraulic perme-
ability is determined from the slopes of these
curves. Fig. 6 indicates that the hydraulic perme-
ability of the three membranes — AG, CE, and
CTA — is similar. In fact, the water permeability
of the CTA membrane is slightly lower than the other
two. It is therefore safe to conclude that water
permeability differences between the membranes
do not account for the vast differences in water
flux for the experiments described in Fig. 5.

6.2.2. Membrane structure

Since permeability does not account for this
flux difference, the driving force must somehow
be affected by certain membrane characteristics.

Fig. 6. Pure water flux vs. hydraulic pressure for the three
membranes tested: AG, CE, and CTA. The water perme-
ability coefficient of the membranes, the term A is Eq. (2),
can be determined from the slope of these curves. Ex-
perimental conditions: deionized water and temperature
of 25°C.
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The only significant difference between the RO
membranes (AG, CE) and the FO membrane
(CTA) is their structure. The structures of the AG
and CE membrane are like most other RO mem-
branes. The AG is a thin film composite mem-
brane, consisting of a thin separating layer, the
active layer, backed by a microporous polymer
(mostly polysulfone) support structure. Observed
with SEM, the polymer support substructure is
about 50 µm thick. The membrane is further
supported with a porous fabric layer which is
around 90 µm in thickness. The CE is an asym-
metric cellulose acetate membrane. There is a
dense surface layer which serves as the barrier to
salt passage. Porosity then increases deeper into
the membrane. The total thickness of this asym-
metric polymer layer is approximately 50 µm. The
CE, like the AG, is backed with a 90 µm thick
fabric support layer.

The CTA membrane, shown in Fig. 7, has a
far different structure. Aside from the fact that the
overall thickness (less than 50 µm) is significantly
less than the AG or CE, these SEM images show
what appear to be two layers of cellulose triacetate
polymer. Embedded between these layers is a
polyester mesh which gives sup-port to the
membrane. This eliminates the need for a thick

100 µm  20 µm 

Fig. 7. SEM photographs of cross sections of the forward osmosis (CTA) membrane. A polyester mesh is embedded
between the polymer material for mechanical support. The membrane thickness is less than 50 µm, much thinner than the
RO membranes (AG and CE) used.

polymer support layer and especially the thick
fabric layer. It is expected that these thick fabric
and porous support layers in the AG and CE
membranes contribute to the development of
internal concentration polarization and, therefore,
dramatically reduce the effective driving force and
resulting water flux [16].

6.3. Influence of draw solution concentration on
membrane performance

Water flux and salt rejection were investigated
using the CTA membrane in the FO mode. It is
important to determine how the FO system per-
forms with respect to the traditional membrane
performance criteria — water flux and salt rejec-
tion — under a range of osmotic driving forces.
Note that the CTA membrane is used exclusively
throughout the remainder of this investigation due
to its superior flux performance when compared
to the commercial RO membranes.

6.3.1. Water flux

An increase in the driving force should lead to
an increase in water flux, as demonstrated in
Fig. 8. For a feed concentration of 0.5 M NaCl,
increasing the concentration and thus osmotic
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pressure of the draw solution leads to an increase
in permeate water flux. Based on Eq. (2), the
increase in flux should be linear with the osmotic
pressure difference, ∆π = πD – πF. Fig. 8, however,
shows a non-linear phenomenon, especially at
higher driving forces. This phenomenon is attrib-
uted to internal concentration polarization, most
likely due to microporosity at the membrane per-
meate side. The draw solution will begin to diffuse
into the porous backing layer immediately upon
exposure to the membrane. Once the osmotic
pressure driving force is established across the
dense active layer, water begins to permeate the
membrane. The draw solution that resides within
the membrane microporous substructure is diluted
by the permeating water, reducing the overall
driving force that is established across the dense
active layer. Additional supporting evidence for
the occurrence of internal concentration polarization
can be seen by inspecting the magnitude of the

Fig. 8. FO (CTA) membrane water flux over a range of
osmotic pressure differences (i.e., draw solution osmotic
pressure minus feed osmotic pressure). Osmotic pressures
were calculated from the corresponding salt concentra-
tions using a software package from OLI Systems, Inc.
(Morris Plains, NJ). Feed concentration is held constant
(0.5 M NaCl) while draw solution concentration is varied.
Other experimental conditions: crossflow rate (feed and
draw solution) of 30 cm/s and temperature of both feed
and draw solutions of 50°C.

permeate flux at a given  πD – πF. Using the water
permeability coefficient, A, for the CTA membrane
obtained from Fig. 6, we realize that the water flux
in Fig. 8 is lower than that predicted from Eq. (2).

Even with internal concentration polarization
substantially reducing the driving force, water flux
rates are still comparable to standard RO. The data
confirm that FO is capable of performing ade-
quately with regard to water flux. Improvements
in membrane design may be able to decrease the
internal concentration polarization affects. This
would allow more of the osmotic pressure dif-
ference to be realized, leading to even higher
product water flux.

6.3.2. Salt rejection

High product water quality is the other essen-
tial performance criterion when comparing FO and
RO. For the FO runs discussed in the previous
subsection (Fig. 8), the corresponding salt rejection
data are presented in Fig. 9. This represents the
observed salt rejection based on bulk feed concen-
tration and does not take into account external
concentration polarization affects. The data show
that NaCl rejection increases with increasing water

Fig. 9. FO (CTA) membrane NaCl rejection for the ex-
periments described in Fig. 8. Experimental conditions
are similar to those described in Fig. 8.
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flux. Considering that salt flux is independent of
water flux in an osmotically driven system, this
behavior is expected. It is attributed to the “dilu-
tion affect”, where increased water flux effectively
dilutes the salt diffusing through the membrane.
All the tests show a rejection of over 95%. This is
reasonable considering the CTA membrane is not
made specifically for high salt removal.

7. Concluding remarks

The data presented in this paper demonstrate
that our novel ammonia-carbon dioxide forward
osmosis (FO) process is a viable desalination
method. Previous studies on desalination using
FO were unsuccessful or economically unviable
because of the lack of an appropriate draw solution
having solutes that both produce high osmotic
pressure and can easily be separated from the
product fresh water. Our novel process with
ammonia and carbon dioxide as draw solutes
meets these criteria and represents an effective
forward osmosis desalination approach. Labo-
ratory-scale FO data presented here indicate that
both high water flux and high salt rejection are
possible using a suitable semi-permeable mem-
brane. The commercial membrane tested in this
study is not optimal for this process, since its
primary use is not for seawater desalination. An
important task for future research is the develop-
ment of a semi-permeable FO membrane having
high salt rejection and minimal internal concen-
tration polarization to realize higher product water
fluxes with the novel forward osmosis process.
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