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ABSTRACT

The osmotic energy recovered by pressure-retarded osmosis from flows of different salini-
ties is affected by the temperature, so its effect on hydrodynamic and membrane parameters
is studied here. It is shown by models and experimental results that raising the temperature
of the solutions leads to a variation in the mass transfer coefficient, the boundary layer, the
diffusion coefficient, the solute resistivity, and the permeability, therefore, affecting the
water flux. Consequently, the expected power density is improved at high temperatures,
although, the salt flux diffusion increases. Laboratory results are presented using solutions
at different concentrations and temperatures to validate the analysis.
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1. Introduction

Harvesting clean energy to satisfy the ever-grow-
ing energy demand of human society is of great
importance for the sustainable development of human
civilization [1]. Water and energy are inextricably
linked and mutually dependent, with each one affect-
ing the other’s availability. Pressure-retarded osmosis
(PRO) is one of the processes that shows the strong
link between water and energy [2]. The PRO process
uses the osmotic pressure as a driving force to pro-
duce power. The first exploitations of osmotic power
via PRO processes were carried about 40 years ago [3].
This is achieved by an asymmetric membrane separat-
ing two streams with different salinity. Water
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molecules are spontaneously transported through a
semipermeable membrane, from a low salinity stream
(such as river water, brackish or wastewater), at ambi-
ent pressure, to a pressurized high salinity stream
(seawater or brine), with the aid of the osmotic pres-
sure gradient across the membrane [4]. The diluted
draw solution, with a greater volume and/or pressure,
moves a turbine to produce electricity [5]. To make a
PRO plant commercially viable, a power density
higher than 5 W/m? is required [6].

The potential for energy extraction from this
“salinity potential” resource (for all river effluents
combined) amounts to around 2.4/2.6 TW, close to
present day global electricity consumptions [7]. Hope-
fully, PRO systems will become an effective form of
power production in the future, alongside other estab-
lished renewable technologies (e.g. solar and wind)
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[7]1. However, several challenges have already been
identified, especially concerning membrane develop-
ment [8].

During the last few decades, some laboratory
experiments have shown that PRO performance is
affected by the operating pressure, the characteristics
of the draw and feed, and the membrane [6,8,9]. Many
papers have studied these parameters in great detail.
However, few existing publications have focused on
the impact of temperature [10]. Like any other mem-
brane processes, temperature should play a significant
role in the performance of the PRO process, as it has a
direct influence on the thermodynamic properties of
both the draw and the feed solutions. In this paper,
the effect of the temperature on the solutions and the
membrane parameters is studied. Results provided by
this study give interesting perceptions to the PRO
operating conditions and membrane preparation.

2. PRO background

In PRO, feed and draw solutions are separated by
a semipermeable membrane; so water spontaneously
permeates through the membrane from the feed to the
draw solution, driven by the osmotic pressure differ-
ence across the membrane [4]. The ideal osmotic pro-
cess can be described by the thermodynamic
equations for the water and salt fluxes. The general
equations of transport are [11]:

Jw = A(Am,, — AP) ¢))

Js = B(Cpm — Cpm) 2

where [, is the water flux, J; is the salt flux, A is the
water permeability coefficient of the membrane, B is
the salt permeability coefficient of the membrane, Cp ,,
and Cg,, are the solute concentrations at the interface
of the active and support layers, respectively, An,, is
the difference between osmotic pressures at the sur-
face of the active layer, and AP is the hydraulic pres-
sure applied on the draw water side. A schematic of
the salt concentration profile across a membrane
operating in PRO mode (active layer facing the draw
solution) is shown in Fig. 1.

With the use of an asymmetric membrane, internal
concentration polarization (ICP) occurs in the porous
layer of the membrane, which reduces the osmotic
driving force across the active layer, and thus the
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Fig. 1. Schematic representation of the salt concentration
profile and water fluxes across a membrane in PRO at
steady state.

water flux. In PRO, the orientation of the active dense
layer facing the draw solution (AL-DS) is considered
to be mechanically more stable, as the external
hydraulic pressure is applied on the draw side [12,13].
In this case, concentrative ICP occurs in the porous
layer of the membrane.

Due to the ICP within the porous support, reverse
salt permeation across the membrane, and the external
concentration polarization (ECP) in the draw solution,
the effective osmotic driving force is lower than the
osmotic pressure difference between the bulk draw
and feed solutions. Thus, a more realistic water flux
expression is:

]w = A(“D,m — TFm — AP) 3)

where np,, and 7zf,, are the osmotic pressures at the
surface of the active and support layers, respectively.
Taking into consideration the effect of ICP and ECP
on the driving force, and assuming that the osmotic
pressure is proportional to the concentration and the
temperature (n = fCRT), the water flux expression is
given by [4]:

Tp,p EXp (7T]“’> — nipp exp(JK)

T+ £ exp(K) — 1] @

]w:A

where 7p, is the bulk osmotic pressure of the draw
solution near the surface of the active layer, ng), is the
bulk osmotic pressure of the feed solution near the
surface of the support layer, f is the van’'t Hoff
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coefficient, R is the universal gas constant, and T is
the absolute temperature. The mass transfer coefficient
(k) is defined as [7]:

ShD
k= dh (5)

where D is the diffusion coefficient of the solute in the
draw solution, Sh is the Sherwood number, and d,, is
the hydraulic diameter of the flow channel defined as:

4y == ©)

where S is the area of the flow section and P, is the
hydrated perimeter. For a flat channel with spacer, the
hydraulic diameter is [14]:

4e

dy=5——
e+ (1= ¢)Sup

@)

where hg, is the thickness of the spacer, S, the speci-
fic surface of the spacer (Sysp = Sgp/ Vep, With S, is the
surface area of the spacer and Vg, the volume of the
spacer), and ¢ the porosity.

The solute resistivity K is defined as [15]:

tts s
= — = — 8
eD D ®
where 7, t;, and s are, respectively, tortuosity,

thickness, and structure parameter.

Table 1
Membrane characteristics
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The specific salt flux in PRO, defined as the ratio
of salt flux to water flux, [;/],, is affected by the
intrinsic transport properties of the membranes, as
follows [16]:

)

J,_ B AAP
EAﬁRT( - ]w>

where £ is the van’t Hoff coefficient, R is the universal
gas constant, and T is the absolute temperature.

3. Experimental
3.1. Membranes

Results from experiments with a cellulose acetate
flat-sheet PRO membranes (IGB membrane) developed
by Fraunhofer Institute for Interfacial Engineering and
Biotechnology discussed in Section 5.1 are wused.
Parameters used for the calculations are summarized
in Table 1.

3.2. PRO bench scale

A schematic diagram of the laboratory scale unit
used in this study is provided in our previous pub-
lication [17]. The test unit had a channel on the feed
side of the membrane to allow the feed solution to
flow tangentially to the membrane. Mesh spacers
placed in the feed channel supported the membrane.
A high-pressure positive displacement pump was
used to recirculate the feed solution at selected
velocities. Purge was collected in a container. Each
container was placed on an analytical balance. Tem-
perature was maintained constant using a thermostatic

Parameter

Values

Water permeability coefficient A
Salt permeability coefficient B
Porosity of the support layer ¢
Thickness of the active layer e
Thickness of the support layer ¢,
Length of the channel

Effective surface of the membrane
Depth of the channel

Width of the channel

Hydraulic diameter dj,

Flow velocity u

Structure parameter s = tt; /¢

1.06 x 1072 m/s/Pa (at 20°C)
2.62 %1078 m/s (at 20°C)
80%

100 nm

12 pm

0.17 m

0.013 m?

0.007 m

0.07 m

94x10*m

0.0107 m/s

5.06 x 10 m




10480

bath for each bulk. The temperature of the solutions
was controlled by electronic thermometer for each
side. The flux through the membrane was calculated
based on the change in weight of fluids in the gradu-
ated containers. The salt flux was determined based
on conductivity measurements.

3.3. Chemicals

The feed and draw solutions were prepared using
certified ACS-grade NaCl (Fisher Scientific). Osmotic
pressures, viscosities, and diffusion coefficients of
solutions were calculated using the equations devel-
oped in the current study.

4. Effect of the operating temperature on the feed
and draw solution chemistry

4.1. The osmotic pressure

The difference in osmotic pressure between bulks is
an important parameter in PRO; in fact, the difference
in osmotic pressure over the active layer is the effec-
tive high driving force of the process, which is affected
by the osmotic pressures in the bulks. The feed solu-
tion concentration is in general assumed to have a very
low concentration, whereas the draw water solution
has a high concentration, so as to achieve an appropri-
ate difference of values between the osmotic pressures.

The temperature has a significant impact on the
thermodynamic properties of the water. In fact, refer-
ring to the van't Hoff equation (n= = fCRT), the osmo-
tic pressure is directly proportional to the
temperature. It should be pointed out that, the osmotic
pressure is not proportional to the concentration for
solutions with a very high concentration; however, the
assumption of proportionality between the osmotic
pressure and the temperature is still applicable: for
example, following the results in [18], the expression
of the osmotic pressure at a given temperature T, as a
function of the concentration C for a NaCl solution
can be approximated by:

m = Tr(3.805C* 4 42.527C + 0.434) (10)
where Ty is the normalized temperature:

T
Tr = 7315 (11

For simplicity sake, NaCl solutions are now
considered; Fig. 2 shows the expected effect of the
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Fig. 2. Osmotic pressure of NaCl solution at different
temperatures and concentrations following Eq. (10).

temperature on the osmotic pressure of the draw
solution for different concentrations.

It can be seen that the osmotic pressure increases
when the temperature of the solution increases. How-
ever, the effect of the temperature on the osmotic pres-
sure is more significant when the concentration of the
water is more important: when the concentration is
0.2 M, the pressure gain is around 1.5 bar when the
temperature is raised from 15 to 60°C; whereas the
gain is around 7 bars for 1 M. Referring to Eq. (1), as
the water flux through the membrane is proportional
to the difference of osmotic pressures, then, using a
high temperature clearly leads to a better driving force
to the process. In PRO processes, the driving force is
directly related to the draw solution concentration,
which explains the enhanced water flux at higher
draw solution concentrations. It is clear that much
higher power density can be obtained using brines of
high osmotic pressures (such as seawater RO brine,
MED brine, and the Dead Sea water) [19].

4.2. The diffusion coefficient D

The diffusion coefficient (D) is an important
parameter in PRO as the mass transfer of feed solution
(k) and solute resistivity (K) are proportional to D.
This coefficient has a strong dependence on the tem-
perature and the concentration of the solution. This
diffusion coefficient can be calculated empirically
using the Stokes—Einstein relationship [20]:

p_ kT (12)
6TrpU

where k;, is the Boltzmann constant, x is the kinematic
viscosity of the NaCl solution, T is the temperature of
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the solution, r is the ion radius, and p is the density of
the solution.

The empirical equations have been proposed to
estimate the kinematic viscosity as [21]:

(13)

f
H Cs
—=1+eCse .
Hzo ° XP(gTR+z>

where y,, is the water’s kinematic viscosity at tempera-
ture T, where ¢ =0.12, f=0.44, g=3.713, and i =2.792
are the fitting parameters (values given for NaCl solu-
tions), and Cg is the molar concentration.

The temperature also affects the dynamic viscosity
n. For example, this dependence was described in [22]
for NaCl solutions as follows:

247.8
°)

n(T) = 2.414 x 10 (T — 140 (14)
Using Egs. (12)—(14), Fig. 3 shows the effect of tem-
perature on the diffusivity of the water through the
membrane. It can be seen that in the range of tempera-
ture studied, the value of the diffusion coefficient is
almost tripled. At low temperatures (from 15°C to
20°C), the effect of the solution concentration on the
diffusivity is not significant, as compared to high tem-
peratures, where it becomes more considerable. This is
due to the fact that in the NaCl solutions attractive
interactions between particles take place, so when the
temperature goes up, the viscosity of the solution
decreases as the interaction between the particles is

10

D (10° m?/s)

10 20 30 40 50 60
Temperature (°C)

Fig. 3. Diffusion coefficient of NaCl solutions at different
temperatures and concentrations.
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reduced due to thermal agitation. Thus, the diffusion
coefficient tends to decrease as concentration
increases.

5. Effect of the operating temperature on the
hydrodynamics parameters

5.1. Reynolds, Schmidt, and Sherwood numbers

The mass transfer coefficient (k) depends on the
relevant physical properties of the fluid, the geometry
used along with relevant dimensions, and the average
velocity of the fluid if we are considering flow in an
enclosed conduit, or the approach velocity if the flow
is over an object. Dimensional analysis can be used to
express this dependence in dimensionless form. The
dimensionless version of the mass transfer coefficient
is the Sherwood number (Sh). The Sherwood number
depends on the Reynolds number (Re), and the Sch-
midt number (Sc). Generally, the flow is considered to
be laminar in small pipes and low flow velocities
(Re < 2,100). In several publications, operating in PRO
mode, the Sherwood number is determined using the
correlation under different flow conditions as [23]:

Sh = 0.04 Re®” S¢%%  (Turbulent flow) (15)

Sh=1.85 (Re - Sc i—h> (Laminar flow) (16)

These empirical Sherwood relations are derived
from experimental results obtained from UF and RO
experiments correlated to the frictional factor of each
membrane [24]. However, the structure of PRO mem-
branes is quite different from RO and UF membranes.
In fact, the RO membrane support layer is much
thicker than the PRO support layer, and UF mem-
branes are considered as porous structure, with higher
roughness than PRO membranes. Thus, the use of
Egs. (15) and (16) seems to be inadequate for PRO
tests. Moreover, for laminar flow, Eq. (16) is valid
where the channel length is significantly larger than
hydrodynamic flow development length. In other
words, the mass transfer coefficient (k) is valid when
the length of the developing region is not significant.
However, in lab-scale PRO test, this condition is not
valid due to the fact that the channel length is consid-
ered in the calculations. In fact, in PRO bench scale,
the geometry of the pipes and the low velocity used
leads to operation under laminar flow regime.
However, PRO membranes are assisted by feed
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spacers to maintain the feed channel geometry and to
improve mass transfer near the membrane surface. A
recent study [25] showed that the use of a spacers-
filled flow channel induces a turbulent flow near the
membrane surface at low Reynolds numbers. Conse-
quently, the Sherwood number was described in [25]
as:

Sh = 0.2 Re"¥ 5% 17)
In Eq. (17), Re and Sc numbers are assumed to be
homogenous over the length of the membrane. In
addition, the correlation model depends on the
geometry of the spacer used. However, the pressure
applied in PRO mode might modify the geometry
near the membrane surface, which means that the Re
and Sc are no longer considered homogenous.

Therefore, we proposed to use local values of the
Reynolds and Sherwood numbers to estimate the mass
transfer across the boundary layer. An exact solution
to calculate the local Sherwood for the hydrodynamic
boundary layer of a fluid that flows parallel to a
smooth, flat, and non-porous surface is developed in
[26]. The correlation is described as follows:

Shy = 0.332Re%° Sc*  (Laminar flow for Re, <2.10°)
(18)

Shy = 0.0292 Re?® 5S¢ (Turbulent flow for Re, > 2.10°)
(19)

The local Reynolds number and the Schmidt
number are calculated as follows [27]:

Re, = HoPX _ HoX (20)
wooon
_ M
Se="75 @1

where uy is the velocity of the water, x is the distance
from the start of the boundary layer (see Fig. 5), p is
the density of the water, # the dynamic viscosity of
the fluid, p is the cinematic viscosity, and D is the
diffusion coefficient, calculated as shown in Eq. (12).
As shown in Egs. (20) and (21), the dimensionless
numbers Re, and Sc depend on parameters which also
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depend on the temperature, such as the viscosities u
and 7, and the diffusion coefficient (D). Fig. 4 shows
the variation of the dimensionless parameters Re, Sc,
and Sh with the temperature. Table 2 presents the
parameters used for calculations for 1M NaCl solu-
tion. It can be seen that the increase in the tempera-
ture leads to an increase in the local Reynolds number
regardless of the concentration of the solutions. More-
over, the local Reynolds number exceeds the critical
value (Re,>2 x10°) for a temperature value around
30°C, which means that the regime of the flow
changes from laminar to turbulent. This result is well
seen in Fig. 4(c) where an inflection point of the
curves is observed for temperatures around 30°C. As
shown in Fig. 4(b), the effect of the concentration on
Sc is negligible at high temperatures, which is due to
the inverse of the diffusivity (1/D) present in Eq. (21).

Contrary to the Sc number, the concentration effect
seems to be insignificant at low temperatures for the
local Reynolds number. Raising the temperature of the
process leads to the modification of the flow regime
from laminar to turbulent because of the strong effect
of the temperature on the Re, value. This leads to
enhancement of the mass transfer coefficient (k); there-
fore, the effect of the ECP is also reduced. Using NaCl
solutions, the effect of the concentration is not signifi-
cant. In fact, the variation of the viscosity and density
of the water, within the range of concentrations stud-
ied, was not quite important as to affect the local Re.
For real salty fluids (seawater, brine wastewater, etc.),
the result should be similar, due to the fact that the
local Reynolds number is not strongly affected by the
concentration, as shown in Fig. 4(a). However, the
matrix complexity of real fluids can affect the viscos-
ity. For seawater and brine, these effects should be
negligible, due to the fact that more than 75% of the
matrix is NaCl; however, for wastewater, the composi-
tion of the matrix is generally uncontrollable as it con-
tains organic matter, dissolved polymeric waste, etc.,
which strongly affect the viscosity of the flows and
their velocities.

Table 2
Characteristics of 1M NaCl draw solution at different
temperatures

T (*C) o (m/s) p (kg/m?) u (m?/s) x107°
20 0.0107 1,042.8 1.095
30 0.0107 1,039.4 0.875
40 0.0107 1,035.5 0.718
50 0.0107 1,030.9 0.602
60 0.0107 1,025.9 0.515
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Fig. 4. (a) Reynolds, (b) Schmidt, and (c) Sherwood num-
bers of NaCl solutions at different temperatures, following
Egs. (18)—(21).

5.2. The boundary layer thickness o

It is well known that when a viscous fluid flows
along a fixed impermeable wall or past the rigid sur-
face of an immersed body, the velocity at any point
on the wall or other fixed surface is zero. The extent
to which this condition modifies the general character
of the flow depends upon the value of the viscosity. If
the body is of a streamlined shape, and if the viscosity
is small, the effect appears to be confined within
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narrow regions adjacent to the solid surfaces (the
so-called boundary layer). A boundary layer may be
laminar or turbulent. A laminar boundary layer is one
where the flow takes place in layers, each layer sliding
past the adjacent layers. These are found only when
the Reynolds numbers are small. A turbulent bound-
ary layer, on the other hand, is marked by mixing
across several layers. Thus, there is an exchange of
mass, momentum, and energy on a much bigger scale
as compared to a laminar boundary layer. A turbulent
boundary layer is only obtained at large Reynolds
numbers. Egs. (22) and (23) describe the thickness of
the boundary layer for different flow regimes [27]:

0= 491x (Turbulent flow) (22)
Re,

d= 0.38215 (Laminar flow) (23)
(Rex)5

where the distance x is along the membrane (see
Fig. 5). It has been shown in [27] that, when the thick-
ness of the boundary layer is smaller, the mass trans-
fer is more important.

The effect of the temperature on the thickness of
the boundary layer was studied. Two specific values of
x were studied (x =L and = L/2). Fig. 6 shows that the
effect of the concentration is not really comparable to
the effect of the temperature on the boundary layer
thickness. The parameter ¢ has an important depen-
dence on the regime of the flow: a laminar boundary
layer is thicker than a turbulent one, thus, which
means that the mass transfer behaviors across each
layer are not similar. The boundary layer is comparable

L

L
2

0

r
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

L_a_
—Jle—

Membrane width

Fig. 5. Schematic of the boundary layer at the draw
solution side.
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Fig. 6. Thickness of the boundary layer for NaCl solutions
at different temperatures, following Egs. (20), (22), and (23)
(up=0.0107 m/s and L = 0.17 m).

to “a resistance layer” that prevents the passage of the
solute to the surface of the active layer, which induces
the ECP. With turbulent flow, this resistance is
mitigated by the decrease in the boundary thickness.
According to Fox et al. [28], ECP is characterized
by its modulus Cp,,/Cpp = exp(—Jw/k) = exp(—Jw6/D).
Consequently, the decrease of J induces the increase of
k, which drives the concentration value Cp,, closer to
that of Cp . The viscous effects are not as important at
the front of the boundary layer, but become much
more important near the end of it. Thus, when the tem-
perature of the water becomes important, the viscosity
of the solution is reduced, which leads to an increase
in the value of the Reynolds number.

In summary, the increase of in the operating tem-
perature leads to a thinner boundary layer and a
higher mass transfer across it.

5.3. Effect of the temperature on the mass transfer
coefficient k

The process of mass transfer across an interface in
the bulk of a phase is the result of a chemical potential
driving force, which is usually expressed in terms of
concentrations of the species. The rate of transfer of a
given species per unit area normal to the interface, i.e.
the flux, depends on some of the physical properties
of the system and on the degree of turbulence of the
phases involved. As the relationship between the flux
and these parameters is not easily developed from
fundamentals of mass transfer, coefficients have been
defined that lump them all together. These relations
are of the form: flux = coefficient x (concentration dif-
ference) [29].

In the PRO case, the mass transfer coefficient (k)
characterizes the transport of water from the feed
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solution to the draw solution through the active layer.
The mass transfer coefficient described in Eq. (5)
depends on parameters that also depend on the tem-
perature. In this section, the effect of the temperature
on the mass transfer coefficient is studied experimen-
tally. Four draw solutions with different concentra-
tions were tested (0.1, 0.3, 0.6, and 1 M of NaCl). The
local mass transfer coefficient (k,) can be described
using Egs. (18) and (19) as follows:

0.5 ¢0.66
ke = %D (Laminar flow) (24)
h
0.8 ¢ 0.66
ke = %D (Turbulent flow) (25)
h

The overall mass transfer coefficient kyyeran can be
calculated by the integration of Eqgs. (24) and (25)
along the membrane. Thus, koyeran is described as:

1330 5066 L 664 ReV5 §c0-66
Kovertl = 0 BSdSc D/ RS dx — 0.664 Re; Sc D
h 0

dy
(Laminar flow)
(26)
.0292 Sc0-66 L 0365 Re0S 5066
koverall = MD/ Reg's dx = MD
dh 0 V dh
(Turbulent flow)

(27)

where Rey is the local Reynolds number at x = L.

From Fig. 7, it can be seen that the mass transfer
coefficient is drastically affected by the temperature. In
fact, when the flow is considered laminar, the effect of
the temperature is insignificant in the range of the tem-
perature between 15 and 25°C. However, the behavior
of koveran changed drastically above 30°. This result is
due to change of the flow regime from laminar to
turbulent. As shown in Sections 4.2 and 5.1, the
increase in the temperature leads to a decrease in the
boundary layer thickness and an increase in the diffu-
sivity: thus the mass transfer increases. In fact, accord-
ing to film theory, a high diffusivity with a thin
boundary layer enhances the rate of mass transfer [30].

At low temperatures, the effect of the concentration
on (koveran) is negligible, and seems to be significant at
high temperatures. This behavior is similar to that of
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Fig. 7. The overall mass transfer coefficient (koyeran) for
NaCl solutions at different temperatures, following Egs.
(26) and (27).

previously seen in the study of the diffusion coeffi-
cient D. Consequently, operating at high temperature
can reduce the effect of the ECP by “pushing” Cp,, to
a value close to Cp,.

6. Effect of the operating temperature on the
membrane parameters

6.1 Effect of the temperature on the solute resistivity K

The solute resistivity (K), described in Eq. (8), is a
parameter used to determine the influence of the ICP
on the water flux. Smaller (K) value means less ICP,
resulting in higher pure water flux. To determine K
experimentally for different operating temperatures, a
rearrangement of Eq. (4) was used, as shown below:

Ju—B 5
1 [mopexp (Ju/k) +27-+ AP (1 -1
K=—In A ( i )

Jw nep + B (% + %) 9

Experimental results were carried out for two
draw solutions (0.6 and 1M of NaCl) and one NaCl
feed solution (8.55 mM). The parameters were calcu-
lated using experimental results, performed in the
range of temperatures from 20 to 60°C. The applied
pressure is Ap = 10 bars. A and B are considered vari-
ables with the temperature and their values were
taken from our previous work in [17]. The osmotic
pressures were calculated using Eq. (10). 1, f;, and ¢
are presented in Table 1, and the diffusion coefficient
(D) is given by Eq. (12).

Fig. 8 shows the variation of K under different
temperatures, where K is firstly calculated using Eq.
(8) (lines), and then using Eq. (28) (symbols). It can be
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seen that, at low temperature, K calculated using Eq.
(8) is quite higher than that of Eq. (28) for both tested
concentrations. This result might be attributed to the
effect of the pressure. In fact, Eq. (8) does not take into
consideration the effect of the applied pressure on the
support layer. It was shown previously in [31] that,
for a given temperature, the increase in AP reduces
the structure parameter s=KD. In our case, two
parameters are considered; the temperature and the
pressure. Fig. 8 reveals that, at low temperatures, K is
high, and the effect of the concentration of the draw
solution on K is clearly considerable. In fact, Eq. (28)
shows that K is inversely proportional to the water
flux of the membrane, so to reach the best perfor-
mance, the solute resistivity should be as low as possi-
ble. Fig. 9 shows the variation of the water flux with
the solute resistivity. The modeled J,, (line) is obtained
by fitting Eq. (4) using experimental results of K taken
from Fig. 8, A and B values from Table 3, and k values
taken from Fig. 7. It can be seen that the solute resis-
tivity tends to reduce the water flux of the process:
when K is high, the water flux is significantly smaller.
In fact, K depends on the structure parameter s: when
s decreases, K decreases too, due to the fact that the
membrane becomes thinner when the operating tem-
perature increases. This is due to the simultaneous
effect of the temperature and pressure: the increase in
the operating temperature makes the membrane poly-
mer softer, so tangential forces caused by the applied
pressure reduce s. Thus, to reduce the effect of K on
the water flux of the membrane and thus on the
energy produced using PRO, it would be better to
operate with a high temperature, following the results
shown in Figs. 8 and 9.

1.6
—— Eq.(8) C=0.6M
——-Eq(8) C=1M
N A Exper. from Eq.(28) C=0.6 M
AN O  Exper.fromEq.(28) C=1M
—~ 12 r
E
<
()
©
(=]
v
< 0.8
= O
0.4 L L L L .
10 20 30 40 50 60

Temperature (°C)

Fig. 8. The solute resistivity (K) for NaCl solutions at dif-
ferent temperatures and concentrations. K is calculated
using Eq. (8) (lines), and Eq. (28) using experimental data
(symbols).
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Fig. 9. Modeled (line) and experimental results (symbols)
of the water flux [, with the solute resistivity K (Cp, =1M,
Crp = 8.55mM, and ug = 0.0107 m/s).

6.2. Effect of the temperature on the water flux (J,,)

The water flux (J,,) at different operating conditions
is now studied experimentally: three draw solutions
were tested (0.3, 0.6, and 1 M of NaCl) at a range of tem-
peratures varying from 20 to 60°C. The temperatures of
the feed and draw solutions were held equals during
the experiments. The feed solution concentration was
8.55 mM of NaCl and the applied pressure was Ap = 10.
Fig. 10 shows the comparison between the experimental
results and model obtained by fitting Eq. (4). Clearly,
both experimental and simulated J,, increased with tem-
perature for all the tested solutions. The experimental
results are in coherence with the simulated data, except
for the solution of 1 M at high temperature when the
model slightly overestimates the water flux. This is
probably due to the high salt flux diffusion caused by
the temperature and the relatively high draw solution
concentration, which decrease J,,.. The 1 M solution con-
centration case is now studied separately.

The variation of the water flux (J,,) and the salt flux
(Js) of 1 M NaCl solution as a function of AP for differ-
ent temperatures is presented in Fig. 11(a) and (b).

As expected, the increase in the temperature leads
to the enhancement of the water flux. This result is
mainly attributed to the variation of the transport

Table 3
Water permeability coefficient A and salt permeability
coefficient B at different temperatures

T (°C) A (m/s/Pa) B (m/s)

20 1.06 x 10712 262 %1078
30 1.43 x 10712 425x%1078
40 1.74 x 10712 587 x 1078
50 1.98 x 10712 8.00 x 107®
60 212 x10712 8.80 x 1078
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Fig. 10. Modeled (lines) and experimental results (symbols)
of the water flux J,.

parameter of the membrane due to the temperature. In
fact, this increase in the water flux is caused the
improvement of the water permeability of the mem-
brane (A), which depends strongly on the temperature,
the improvement of the mass transport coefficient (k),
the decrease in the solute resistivity (K), and the
decrease in the ECP because of the decrease in the
boundary layer thickness and the increase in the mass
transfer coefficient. This impact is well seen in the
power density (Fig. 11(c)): at 60°C, the power produced
is around 5.8 W/m? for an applied pressure of 10 bars.
This value is higher than critical value that makes the
PRO process commercially viable [6]. To guarantee high
temperatures, the brine of thermal desalination pro-
cesses satisfy this criterion (i.e. the brine temperature of
a multi-effect distillation process can reach 65°C) [32].

Fig. 11(b) shows the experimental variation of the
salt flux (J;) as a function of the temperature. It can be
seen that the salt flux increases also when the tem-
perature increases. This is a limiting effect to the per-
formance of PRO, as the reverse solute diffusion
induces a significant reduction in both the PRO water
flux and the power density when the draw solutes dif-
fuse through the membrane and accumulate in the
porous substrate due to the water flux that has the
opposite flow direction. This leads to a buildup of a
draw solute concentration within the porous support
layer, contributing to the increase in the ICP at the
surface of the support layer, and thus, the effective
osmotic pressure difference decreases.

The reverse solute diffusion occurs simultaneously
with the forward water permeation in the reverse direc-
tion. A useful quantity is the specific solute flux (J5/J)
that describes the amount of draw solutes permeating
through the membrane normalized by the volumetric
water flux. The study of the ratio (J;/J,) at different
temperatures (Fig. 11(d)) reveals that the flux ratio
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Fig. 11. Variation of the water flux J,, (a), the salt flux J; (b), the power density W (c), and the specific solute flux J;/], (d)
with the temperature. Cp, =1 M, Cgj = 8.55 mM, and uy = 0.0107 m/s.

increases with temperature, and it is also affected by
the applied pressure. At low AP (<4 bars), the increase
rate of the flux ratio is low compared to higher AP
(>8 bars). In addition, the effect of the temperature is
quite visible at low pressure, although this effect seems
much smaller (even negligible) at Ap > 8 bars. This
result shows that the temperature effect is dominated
by the pressure at relatively high AP. Consequently, an
adequate choice of the applied pressure and the tem-
perature can be helpful to reduce the salt diffusion
through the membrane.

7. Conclusions

The effect of the temperature on the PRO process
has been investigated. It was shown experimentally that
the temperature affects many parameters such as the
diffusion coefficient, the solute resistivity, the mass

transfer coefficient, and the osmotic pressure. It has
been shown that, in general, working at high tempera-
tures enhances the water flux of the process, and conse-
quently the power recovery. The disadvantages of high
temperatures are the risk of accumulation of salt at the
surface of the membrane support layer, due to the fact
that raising the temperature also leads to the increase in
the salt reverse flux (J;) and the degradation of the
membrane. These can be overcome by the development
of specific high-temperature membranes with a high
resistance to reverse salt flux.

As further work, this study can be extended to real
fluids (i.e. wastewater, effluents, high concentrated sal-
ine water, etc.) to investigate the effect of the matrix
complexity. Moreover, the effect of the water flux J,
on the boundary layer using commercially length-scale
PRO membrane can also be studied referring to the
results of the current study.
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List of symbols

A — water permeability coefficient (m/s/Pa)

B — salt permeability coefficient (m/s)

Cp,m — salt concentration of the membrane surface at
the draw solution side (g/1)

Cem — salt concentration on the membrane surface at
the side of the feed side (g/1)

Cpyp — salt concentration of the feed stream (g/I)

Cep — salt concentration on the membrane surface at
the side of the feed (g/1)

Cs — molar concentration of the solution (mol/1)

dy — hydraulic diameter of the flow channel (m)

D — diffusion coefficient of the solution (m?/s)

d — diameter of the pipe (m)

hsp — spacer thickness (m)

Jw — water flux that crosses the membrane (m/s)

Is — salt flux that crosses the membrane (mol/m?/s)

k — mass transfer coefficient (m/s)

koveran — overall mass transfer coefficient (m/s)

ky — local mass transfer coefficient (m/s)

K — solute resistivity (s/m)

ky — Boltzman constant (-)

P, — the hydrated perimeter (m)

AP — applied pressure (Pa)

Am — difference of osmotic pressure between the
draw water and the feed water (Pa)

r — ion radius (m)

R — gas constant (J/mol/K)

Re — Reynolds number (-)

Re, — local Reynolds number (-)

s — structure parameter of the support layer (m)

Sc — Schmidt number (-)

Sh — Sherwood number (-)

Sh, — local Sherwood number (-)

Svsp — specific surface of the spacer (1/m)

Tr — the normalized temperature (-)

Tpp — temperature of the draw water bulk (‘C)

Trp — temperature of the feed water bulk (‘C)

u — velocity of the fluid (m/s)

sp volume of the spacer (m?)

n — dynamic viscosity of the solution (Pa s)

Tp, ~ — osmotic pressure at the surface of the active
layer (Pa)

T m — osmotic pressure at the surface of the support
layer (Pa)

Db — osmotic pressure at the draw bulk (Pa)

TEp — osmotic pressure at the feed bulk (Pa)

length of the support layer (m)
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T — tortuosity of the membrane (-)

€ — porosity of the membrane (-)

B — van’t Hoff coefficient (-)

0 — thickness of the boundary layer (m)
p — density of the solution (kg/m?)

e — water kinematic viscosity (m?/s)
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