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ABSTRACT

Recently, forward osmosis (FO) process has been expected for the future seawater
desalination method. In this study, the estimation of semi-permeable membranes leading to
development of FO membranes and processes was investigated from the theoretical calcula-
tion view point. It is common to apply multivalent ionic materials to draw solution in FO
membrane process. MgCl2, one of the common multivalent ionic materials, was used for
calculating the relationship between pure water permeability (A value) and required FO
membrane length. Two cases were assumed—one as an ideal condition which was without
any concentration polarization (CP), the other as an actual condition which was with exter-
nal concentration polarization. In the case of non-CP condition, the membrane length
decreased with increase the A value. On the other hand, in the case of CP condition, the
membrane length converged to constant value with increase of the A value. From this
phenomenon, there was the optimized relationship between A value and membrane length.
For instance, under the condition of MgCl2 concentration at 12.9 wt%, the A value over
2.0 × 10−11 [m s−1 Pa−1] was required while the membrane length was equal to eight ele-
ments. Moreover, the effect of mass transfer coefficient was estimated. It was suggested that
the estimation was possible for the A value and the membrane length with any given mass
transfer coefficients.

Keywords: Forward osmosis; Desalination; Semi-permeable membrane; Concentration
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1. Introduction

It has been claimed that the situation of the water
shortage issues in the world is becoming more serious
these days. The number of seawater desalination
plants has been increasing year-by-year especially in

the Middle East, which has big problems with drink-
ing water. There are two well-known seawater desali-
nation methods—evaporation and reverse osmosis
(RO) processes. Recently, the number of RO plants has
increased drastically for seawater desalination as an
energy saving method without phase change [1]. The
so-called “water business” is expanding and the
market size expected for 2025 is about 87 trillion yen,
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that is about triple compared to 2007 [2,3]. Water
treatment field is very attractive not only for business
but also for technology, research and development.

Recently, a forward osmosis (FO) process has been
expected to have a high potential for the future seawa-
ter desalination mainly as a further energy saving
method [4,5]. FO process mechanism is based on an
osmotic pressure (OP) differential across a semi-per-
meable membrane. The driving force of OP is only
based on concentration differences across a membrane,
which requires little hydraulic pressure, so the energy
consumption of water separation with an FO mem-
brane is theoretically zero in the ideal condition. Actu-
ally, the total process with FO membranes for
seawater desalination requires some energy such as
the supplying energy of seawater and draw solution
(DS) to FO membranes and the water recovering
energy from DS to gain freshwater. However, along
with the innovations of suitable DS and water recov-
ery systems, the desalination process with FO mem-
branes still has an enormous potential in reducing
energy consumption compared to RO process [6,7].

Only a few actual plants with FO process are in
operation now. FO pilot plant in Oman installed by
Modern Water plc, the pioneer company in this field,
may be only case [8,9]. In addition, variety of commer-
cial FO membrane is limited. Hydration Technology
Innovations may be the only company producing the
commercial FO membranes [10]. Commercial RO
membranes can be used for experiments instead of FO
membranes because of their semi-permeability [11,12].

Although OP is the traditional well-known natural
principle, the research of FO method as a seawater
desalination process is relatively young [13]. Extensive
studies have been conducted on FO membranes and
processes by many researchers nowadays. The key fac-
tors of the FO method as a seawater desalination may
be (1) an FO membrane, (2) DS, (3) a water recovery
system, and (4) a total process. There are a number of
researches developing the new FO membrane itself
and also various approaches exist [14–17]. Though,
most of them are mainly aiming only to develop FO
membranes and measuring the basic performances
such as pure water permeability (A value). The cur-
rent level of these FO membranes’ A values is around
10−12 to 10−11 [m s−1 Pa−1]. These values may not be
enough for actual FO membranes, so further improve-
ment will be required. There are also a number of
researches developing the new DS such as multivalent
ionic materials [18,19] and ammonia–carbon dioxide
[20,21], with their own FO processes. However, almost
all of them adopted commercial FO membranes, and
the membranes and processes are not always
optimized.

To put the FO method into a practical seawater
desalination usage, it is obvious that the design of
suitable FO membranes and processes is one of the
important factors. Examination of FO membranes’
characteristics, that is to say, required A values and
number of elements, are very significant to build the
system.

The objective of this study is establishment of the
design direction for FO membranes (A values) and
processes in seawater desalination plants. The estima-
tion of semi-permeable membranes leading to devel-
opment of FO membranes and processes was
investigated from the theoretical calculation view
point. Required plant scale was estimated by the rela-
tionship between A values and recovery rates of FO
membranes in this paper.

2. Theory

The transport phenomena in membrane processes
can be described by the classical solution-diffusion
model [22].

JV ¼ A � ðDP� DpÞ (1)

JS ¼ B � ðCm � CPÞ (2)

where JV and JS are the volumetric flux and the solute
flux. A and B are the transport parameters known as
the pure water permeability and the solute permeabil-
ity, respectively.

In an FO membrane, the driving force is OP differ-
ential, so the Eq. (1) can be described as follows:

JV ¼ A � ðpD � pFÞ (3)

where πD and πF are the OP at DS side and feed side.
The external concentration polarization (ECP) at

both DS and feed side can be described as:

CDm

CDb
¼ exp � � JV

kD

� �
(4)

CFm

CFb
¼ exp � JV

kF

� �
(5)

From the definition of the Sherwood number:

Sh ¼ kd

D
(6)
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and the mass transfer coefficient is calculated as

k ¼ Sh �D
d

(7)

In this study, it is assumed to use spiral wound
FO elements. From the calculation based on the linear
velocity, the Reynolds number is in the range of lami-
nar flow, however, the flow will be a turbulent flow in
actual because of the feed spacer effect. Deissler’s
equation can be generally used in the range of turbu-
lent flow [23–25];

Sh ¼ 0:023 � Re0:875 � Sc0:25 (8)

However, this equation does not consider the effect
of feed spacer. In this study, the empirical equation
based on the experiments with spiral wound elements
will be applied [26].

Sh ¼ 0:065 � Re0:875 � Sc0:25 (9)

The definitions of the Schmidt number and Rey-
nolds number are given by

Re ¼ qud
l

(10)

Sc ¼ m
D

(11)

At the high concentration range, the OP is not pro-
portional to the concentration [13]. This study does
not include the accurate calculation of OP from the
concentration. Thus, in this study, it is assumed that
the OP can be calculated by the van’t Hoff equation to
simplify the calculation.

p ¼ nRT

V
(12)

3. The calculation conditions

In this paper, the calculation has proceeded assum-
ing two conditions: (1) without any CP which is an
ideal condition and (2) with external CP which is an
actual condition. Fig. 1 describes the concentration
profiles of the solutions across an FO membrane. It is
well known that thin film composite membranes are
affected by two sorts of CPs—one is the ECP at

outside of a membrane, the other is the internal con-
centration polarization (ICP) at inside of a support
layer. Some studies reported that ICP might affect
more on membrane permeability compared to ECP
and reducing the driving force given by OP differen-
tial [27,28], which means it is impossible to avoid the
ICP effect. However, those kinds of studies have done
only with the commercial RO and FO membranes,
and in order to apply an FO membrane method to a
practical use, what really required is the technological
innovation to reduce the ICP effect as low as possible.
For example, it can be an innovated support layer
which raises huge turbulent flow inside of itself, it can
be an innovated FO membrane without any support
layers ultimately, etc.

From these points of view, ICP is not considered
in this paper with the expectation of future actual
innovation. The calculation method which includes
ICP effect and new materials to reduce ICP is now on
process, and it will be reported in near future. More-
over, in this study, the FO membrane is ascribed to

Fig. 1. The concentration profiles of the solutions across an
FO membrane.

Table 1
The parameters for the calculation

The height of FS side (hF) [m] 1.0 × 10−3

The height of DS side (hD) [m] 1.5 × 10−3

FO membrane element width [m] 1.0
FO membrane element length [m] 1.0
Initial linear velocity of FS [m s−1] 1.25 × 10−1

Initial linear velocity of DS [m s−1] 1.25 × 10−1

The concentration of FS (NaCl) [wt%] 3.5
Molecular weight (NaCl) [g mol−1] 58.5
Molecular weight (MgCl2) [g mol−1] 95.3
Mass transfer coefficient (NaCl)a [m s−1] 3.52 × 10−5

Mass transfer coefficient (MgCl2)
a [m s−1] 2.76 × 10−5

Temperature of the solution [K] 298

aCalculated by Eq. (7).
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have perfect rejection, that is, no solutes can pass
through the FO membrane. The effect of the solute
permeability (B value) is now under consideration.

The parameters for the calculations are listed in
Table 1. The height and initial linear velocity of FS
side and membrane sizes are based on the design of
commercial RO membranes such as FILMTECTM

SW30HRLE and usual operating conditions. The
height of DS side is assumed to be 1.5 times larger
than that of FS side in this calculation, since the DS
volume increases along with the flow direction. Initial
linear velocity of DS is supposed to be equal to that of
FS in this study. These parameters can be fixed when
the module structure is completely designed. Mass
transfer coefficients are calculated by Eq. (7). It is com-
mon to apply multivalent ionic materials to DS in FO
membrane process. MgCl2, one of the common multi-
valent ionic materials, is used for this calculation. The
required membrane length is estimated to achieve the
recovery rate of 30, 35, and 40% with each concentra-
tion shown in Table 2. The membrane length repre-
sents the number of the FO membrane elements, in
other words, the scale of FO plant. The relationship
between A values and maximum recovery rates with

each concentration and membrane length is investi-
gated. In addition, in the case of other DS except for
MgCl2, the effect of mass transfer coefficient is esti-
mated to generalize this study method—the number
of required FO elements is calculated by varying the
mass transfer coefficient of the DS (kD).

The structure of FO elements has not been
standardized even in the world. Fig. 2 describes one
example of the structure [13,28,29]. The blocking at the
middle of the central tube and glue line lets the DS
flow to be like a shape of “U”. However, additional
improvement might be required to obtain the stable
flow. In this paper, it is assumed that both the feed
and the DS are in parallel flow as shown in Fig. 3. The
counter-flow system, which is more efficient for the
FO system, and the cross-flow system are now under
consideration.

Table 2
The osmotic pressure and optimized values for each concentration of MgCl2

Concentration
[wt%] Osmotic pressurea [MPa]

A value
[m s−1 Pa−1]

The number of membranes
[–]

Maximum recovery rate
[%]

12.9 10 2.0 × 10−11 8 39
14.1 11 3.0 × 10−11 7 41
15.4 12 2.0 × 10−11 7 43
16.7 13 3.0 × 10−11 6 45
18.0 14 3.0 × 10−11 6 46

aCalculated by Eq. (12).

Fig. 2. The common structure of a spiral wound FO mod-
ule as an example.

Fig. 3. The schematic image of parallel flow for the calcula-
tion.

Fig. 4. The illustration of the calculation concept in this
study.
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The calculation concept is described in Fig. 4. The
amount of water permeation from the feed side to
the DS side is calculated every 10 mm (dx) along the
membrane length.

4. Results and discussion

4.1. Required membrane length

Fig. 5 shows the relationship between A values
and required membrane lengths for each recovery rate
in the case of MgCl2 concentration of 18.0%. The
required membrane length decreases with increase the
A value, and converges to almost zero. From this
result, increase of an A value reduces required mem-
brane length without any CP.

With ECP condition, the relationship between A
values and required membrane lengths for each recov-
ery rate is shown in Fig. 6. Although the required

membrane length decreases with increase the A value
as same as non-CP condition, required membrane
length has converged to the constant values for each
concentration and recovery rate, which does not
change against any increase A values.

The relationship required A values and mem-
brane lengths with each concentration is shown in
Fig. 7, where the target recovery rate is 35%. Even
if the given A value is same, the converged mem-
brane length is shortened accompanied with higher
concentration.

For more detail consideration, the OP profile with
ECP is plotted against the membrane length with the
differences of the A values in Fig. 8. The convergence
membrane length does not change from the certain
value even if the A value increases. This phenomenon
is so-called “osmotic equilibrium state”. Under ECP
condition, though the water flux between FS and DS
side increases due to the enhancement of A values,

Fig. 5. The relationship between A values and required
membrane lengths for each recovery rate. This figure is in
the condition of non-CP.

Fig. 6. The relationship between A values and required
membrane lengths for each recovery rate. This figure is in
the condition of ECP.

Fig. 7. The comparison between A values and required
membrane lengths for each recovery rate of 35%. This fig-
ure is in the condition of ECP.

Fig. 8. The osmotic pressure profiles of DS and FS sides
along with membrane lengths for each values in ECP con-
dition.
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net flux does not change. Namely, the observed flux
from FS to DS side does not increase because of osmo-
tic equilibrium, and minimum A value does exist for
each condition.

These results indicate that it might be useless
developing FO membranes which have A value higher
than the required value. The important thing is to
develop the FO membrane with minimum A value to
obtain the convergence membrane length, and an
excess A value does not contribute to decrease the
number of membrane elements required or increase
the flow rate.

4.2. The design direction of FO processes for each recovery
rate

Fig. 9 shows the relationship between A values
and recovery rates for each number of elements in the
case of MgCl2 concentration of 14.1%. Here, the phrase
“the number of elements (membrane elements)” not
“the membrane length” has to be used, because the
unit of the membranes must be natural numbers in
the actual process. As mentioned above, the achiev-
able maximum recovery rate is determined by the
certain A value regardless of the number of elements.

Achievable maximum recovery rate and the
required A value depending on the number of ele-
ments, where the MgCl2 concentration is of 12.9 wt%
shown in Fig. 10. It starts to converge to the
achievable maximum recovery rate at 6 or 7 mem-
branes, and becomes stable over 8 elements. To
achieve the maximum recovery rate with 8 elements,
the A value of “2.0 × 10−11 [m s−1 Pa−1]” is required.
Therefore, in the case of MgCl2 concentration of 12.9
wt% (the OP is 10 MPa), the FO membranes are
required to have the A value over 2.0 × 10−11

[m s−1 Pa−1], while the number of elements is equal to
8 to achieve the maximum recovery rate.

As this case, it is possible to calculate the mini-
mum A value and the number of elements at the
given concentration of the DS. The calculated results
of each concentration are listed in Table 2.

4.3. The effect of mass transfer coefficient

Until previous section, MgCl2, one of the common
multivalent ionic materials, has been discussed as only
DS. However, there is high possibility of using other
various DSs in the actual plants. The mass transfer
coefficient of DS (kD) varies for each DS. In this sec-
tion, the effect of kD difference on the estimation of A
values and the number of elements is investigated to
generalize the DS.

The case has been assumed for the kD of MgCl2
with ten times and one tenths from the original value
shown in Table 2, when the OP of DS is given as
10 MPa which corresponds to the MgCl2 concentration
of 12.9 wt%. This assumption is only applied to
three dissociable ionic materials such as

Fig. 9. The relationship between A values and recovery
rate of each number of elements.

Fig. 10. The comparison of both recovery rate and A val-
ues against the number of elements.

Fig. 11. The relationship between A values and recovery
rate of each number of elements in the case of
kD = 2.76 × 10−4[m s−1]. This figure is evaluated to deter-
mine the effect of the mass transfer coefficient of DS.
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MgCl2ðMgCl2 ! Mg2þ þ 2Cl�Þ. In the case of other
types of ionic materials and non-ionic materials, the
same calculation method can be easily used by chang-
ing the calculation condition, because the OP is pro-
portional to the concentration based on the van’t Hoff
law as mentioned above.

The result of the kD of MgCl2 with 10 times
(kD= 2.76 × 10−4 [m s−1]) is described in Fig. 11. The
achievable maximum recovery rate is 39%, where the
required A value and the number of elements is
3.0 × 10−11 [m s−1 Pa−1] and 5, respectively. This result
suggests that it is possible to estimate the required A
value and the number of elements with any DS with
different kD values.

5. Conclusion

It is suggested that the external CP has a large
effect on the FO membrane performance. A value has
a minimum limitation for each condition, that is, the
minimum A value exists for the required recovery rate
and membrane length. Therefore, the minimum A
value and number of elements will be determined if
the OP of the DS and the target recovery rate are
fixed. It may be useless to develop FO membranes
which have higher A values more than required mini-
mum values.

The FO membranes and processes have to be
designed by the theoretical approach, and it is possi-
ble to make their design direction by applying the the-
oretical estimation described in this paper.

It is under consideration to improve this approach
by taking internal CP into the discussion or by
improving the flow condition in the element such as
the counter flow. These investigations will be reported
in near future.
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