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about 35 g/L solute concentration) and river water (with about 3.5 g/L salt
concentration) pair has theoretically 0.721 kWh/m* [10, 11], Most of the
theoretical Gibbs free energy is lost during the present technology processes
(theoretical loss of energy is 0.3 kWh/m’, parasitic loads predicted to be 0.418
kWh/m?) and thus, the extractable net specific energy is practically less than
0.124 kWh/m® [10, 11]. This about 17% of the free energy is not enough for
an economic energy production by this process. That is why an essential
improvement of the membrane properties and even the more accurate
description and analysis of the effect on the different operating conditions
should be made to find a real economic solution of this problem. Accordingly,
an important step is a more accurate and extended description of the mass
transport through the osmotically driven membranes, which is crucially
important for correct prediction and improvement of the process performance.
Straub et al. [10] recommended a RO-PRO hybrid system mixing wastewater
as an alternate process. Recently Wan and Chung [12] published a techno-
economic evaluation of various RO-PRO and RO-FO hybrid processes
predicting the energy and cost saving by these processes with four different
configurations. Other alternate methods could be the recovery of the solute
enabling its repeated usage. Klaysom et al. [13] reviewed the most often used
solutes (inorganic, organic, etc.) for PRO process and briefly discussed the
possible methods of their recovery in order to establish a closed cycle PRO
process. A cheap recovery of a solute component enables the user its repeated
usage as thermolysis e.g. for degradation of ammonium carbonate compound
[14]. Solidification could also be a viable separation mechanism. Precipitation
can be induced through a change of pH or the addition of a flocculant,
respectively [13].

Nagy et al. [15] defined the solute transfer rates for every single mass
transport layer, and using them several new expressions can be obtained
regarding the transport properties and also the membrane characteristics.
These new expressions for the mass transport properties, showed in this
paper, enable the user to develop more accurate mathematical equations, to
predict e.g. more accurately the water flux, without the commonly used linear
approach using van’t Hoff equation and to find the most desired operating
conditions.

Considering the literature data, Wang et al. [16] summarized recently the
most important transport models through osmotic membranes, among them,
the solution-diffusion-convection models, as well. The first paper on pressure
retarded osmosis was published by Lee et al. [17] while, one of the latest one
by Bui et al. [18]. Between this time periods, the mass transport models have
been gradually improved taking into account the effect more and more mass
transport resistances applying the solution-diffusion-convection model. Four
mass transfer resistances can affect the solute and the water transport through
an osmotic, asymmetric membrane, namely the selective and the support
membrane layers as well as the external boundary layers on the both sides of
the membrane [18, 19]. Lee’s model [17] expresses the solute and water
transfer rates, solute permeability coefficient, B, and the energy generated
taking into account the effect of the two membrane layers, only. Loeb et al.
[20], applying the Lee’s model, have developed equation for determination of
the resistance to solute diffusion in the membrane support layer, K. Later it
has been proved that not only the internal (ICP) but the external concentration
polarizations (ECP) can have important role in the performance of the
membrane processes [21]. Accordingly, the newly developed models by
McCutcheon and Elimelech [22] and by Yip et al. [23] involved already the
effect of the external mass transfer resistance at the draw solution’s side. This
model is widely used in the literature [24, 25]. Recent investigations have
shown that the concentration polarization at the low-salinity feed solution can
also affect the mass transfer rate [19]. Each one of these four mass transfer
resistances is taken into account in Nagy’s model [15, 19] and in the recently
published one by Bui et al. [18] as well as in paper of Maisonneuve [26].
Above models define the transport rates for flat-sheet membranes, only. Wan
and Chung predicted the effect of the concentration change and the hydraulic
pressure loss along axial direction in both the lumen and the shell side of
capillary membrane in PRO process [27]. Recently, Cheng and Chung [28]
investigated the effect of the cylindrical space on the transfer rates in PRO
system. These models offer equations for prediction of the salt- and water
transfer rates and the osmotic pressure difference. Though, they got their
results in different ways, all of them give the same flux results. There is an
essential difference in the mathematical methodology used by Nagy et al. [15]
and Nagy [19] and the other authors. Nagy expressed the salt transfer rate for
every single mass transfer layer, in his model, using the solution-diffusion-
convection model, and thus, the resistance-in-series model can serve the
overall salt- and water transfer rates, the concentration distribution in every
layer, and the salt concentrations of the every single internal interface and the
effect of the model parameters on values of them. The literature models [29,
30] do not make possible to give the individual internal interface
concentrations and the concentration distributions in the different transport
layers. Thus, Nagy’s models can offer much more expressions to analyze the

transport in every transport layer in order to get better membrane
performance, and energy generation as high as possible. The knowledge of
the individual interface concentration enables the reader to predict the
osmotic pressure difference more precisely, namely using the C,, and C;
concentrations and from them predicting the exact values of the osmotic
pressure difference by means of the e.g. OLI Stream Analyser software
instead of using the van’t Hoff approach.

The aim of this paper, partly, is to show the change of some new
parameters and properties in the PRO process, which can be obtained by
means of the solute transfer rate defined for every single mass transfer layer
and by expressing the overall salt transport rate. Accordingly, this paper
discusses the change of the overall mass transfer coefficient, the individual
internal concentrations with their limiting cases as a function of the structural
parameter and the water permeability not only for seawater and river water
pair, but also higher solute concentration in the draw solution. The application
of higher solute concentration in the draw solution and lower one than the
river water in the feed solution the process performance can essentially be
improved. This will briefly be shown in this study by means of the new model
expressions. The water fluxes, obtained by means of the van’t Hoff linear
approach are compared to that using the individual interface concentrations of
the active membrane layer and the OLI software, as a function of the water
permeability coefficient, for illustration of the difference between them.

2. Theory

2.1. Overall salt transport rate equation and interface concentration
expressions

A). Solute transfer rate.

The concentration distribution with the important nomenclature is
illustrated for PRO process in Figure 1. The starting step for definition of the
overall mass transfer rate is the expression of the salt fluxes given as the
product of the transfer coefficient, £, and driving force for every single
transport layer, namely for the selective- [Eq. (2)] and the support membrane
layer [Eq. (3)] as well as for the draw [Eq.(1)] and feed side boundary layers
[Eq. (4)] as they were given by Nagy [19]:
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Note that D denotes here the solute diffusion coefficient in the draw solution,
while S expresses the real diffusion path in the membrane support layer,
namely S=97/¢, where & means the thickness of the support layer, 7 is the
tortuosity factor, ¢ is the hold-up of the support layer. Literature often uses K
parameter, which is the transfer resistance of the support layer, where:
K=S/D=61/(eD).

Applying any conventional method using the above equations, the overall
salt transfer rate, which involve the effect of every transport layer, can be
expressed as:
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Note that the above expression is essentially differs from that given in the
previous paper of Nagy et al. [15] since here the concentration of the draw
solution has not the factor of exp(-Jy/kq). That form of literature mass transfer
rate equation was usually used for gas-liquid systems. It can clearly be seen
how the driving force depend on the ratio of the convective and diffusive
fluxes (i.e. on the Peclet number of the transverse mass transport). It is
obvious that the driving force decreases with the increase of the water flux.
One can easily express the overall mass transfer rate without convective
velocity, Koy, as lim o, when J,—0:
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The overall transport coefficient, f,,, is always less than the overall diffusive
mass transfer coefficient due to the reverse convective velocity. The solute
transfer rate expressing by means of the concentration difference across the
selective layer can also be expressed as it is given in the literature [11, 19]:
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Multiplying both the nominator and the denominator of Eq. (9) by exp(Jw/ka)
expression, one can get the value of B, expressed by Eq. (7).

B) The internal interface concentrations.

Determination of the interface concentrations, namely values of C,, and
C, enables the user to study their individual dependence on the water and
solute fluxes. After simple manipulations of the partial and overall salt
transfer rates these concentrations can easily be obtained. Applying the
equality of the solute transfer rates, expressed by Eq. (1) and Eq. (6), the
expression of C, can easily be obtained as:
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Fig. 1. lllustration of salt concentration profiles and giving the denotes and mass transfer coefficients in case of asymmetric membrane for pressure retarded osmosis taking into account
both the external and internal polarization layers. Amer means the effective osmotic pressure. Its value can be determined by difference of the interfacial membrane concentration. The
mass transfer coefficients (Bq, Bsp, Brare mass transfer coefficients in presence of convective water flux while k; (i=d, f, sp) is the diffusive mass transfer coefficient).
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Determination of the value of C; e.g. the following salt flux can be used
obtaining from expressions of Egs. (1) and (2), namely:
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Then the value of C; can then be defined by means of Egs. (6) and (11),
as:
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It is easy to get the limiting values of the C, from Eq. (12), when B—0
[Eq. (13) when C;>0] or C=0 [Eq. (14) when B > 0] or both the values of B
and Cy are equal to zero, i.e. when B=0 and C=0 then C,=0. In this latter case
there is no ICP and ECP on the feed side. Obviously this ideal case could
serve the maximum value of energy. Eq. (14) clearly shows that ICP and ECP
can form on the feed side even then when C=0, but B>0, due to the solute
transport through the selective membrane layer.
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The widely used salt transfer rate given for the selective layer without
(see Ref. [22]) and with external transfer resistance(s) (see Ref. [11, 19]),
namely J&=-B(C,,-C;), can easily be obtained by Egs. (10) and (12), as it is
expressed by Eq. (9). Similarly, the solute transfer rate for limiting case,
namely when B=0, can easily be obtained from Egs. (10) and (12) or by
means of Eq. (16) with B—0.

The water flux can then be expressed by the commonly used linear
approach as (the osmotic pressure, m=iMCR,T where i is van’t Hoff
dissociation factor (it is 2 for NaCl), C salt concentration, M molecular
weight, R, gas constant, T temperature) [9, 30]:
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where (Am,, is the effective osmotic pressure difference across the selective
layer, Amy; see value of Aney in Figure 1)
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The osmotic pressure difference can also be expressed by more accurate
method, obtaining the osmotic pressure difference using the individual
interface concentrations as well as:
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The single values of Am, and Am, were predicted by means of the OLI
Stream Analyiser software [31]. Both model results are compared in separate
figures. Concentration of interface between the support and the feed boundary
layer,

C,, can then be defined similarly to the method used for determination of
the other interface concentrations, as
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Eq. (18) gives direct answer to the reader how the resistance of the
support layer affects the process performance. Concentration fall across the
different transport layers, namely the external polarization layer (ECP) on the
draw side, selective layer, the support layer and the ECP on the feed phase
[20] can then easily be given by means of Egs. (10), (12) and.(18)

Question can arise why the individual, relative complicated concentration
expressions can be important. That is why, to our opinion, these expressions
enable the user to investigate the change of the interface concentrations
separately, thus more deeper and more accurate information can be obtained
on the effect on the membrane properties and operation conditions in PRO
process considering its performance under different conditions.

3. Evaluation method

The mathematical model presented defines some new variables, namely
the transport coefficient of the single transport layers, B (i=s, f, sp), the
overall transport coefficients, B, and the interface solute concentrations of the
solute. The resistance-in-series model [19] enables the user to do much deeper
study of the mass transport properties of the PRO (and FO systems; not
discussed here) than that of the conventional literature models, which apply
the equality of the inlet and the outlet solute fluxes at a given transport
boundary, for determination of the mass transfer expressions, but this
methodology cannot define the individual solute fluxes. Knowing the
concentration of every single internal interface, the concentration distribution
in every layer, the overall mass transfer rate and even the transport coefficient
using the solution-diffusion-convection and every mass transfer resistance can
be defined and studied. These can help the user to predict exactly the effect of
all transport layers thus, one can easier find harmony between the membrane
properties and operating conditions in order to get as high as possible value of
the water flux and thus, value of the harvestable energy. Knowledge of the
new variables defined, especially the C, C; C,, interface membrane
concentrations, enables the user the deeper analysis of the process
performance. On the other hand, the knowledge of these interface
concentrations is necessary for more exact prediction of the osmotic pressure
difference on the selective layer due to the osmotic pressure’s nonlinear
property as a function of the solute concentration as it is the case in NaCl
solution. This is especially important at high concentration of draw solution
facing the active membrane layer. Illustration of the difference between the
linear approach and our model is illustrated first then the changes of the

(18)

interface concentrations and the transport coefficient are shown in the first
part of this study. Then the effect of extreme values of the solute permeability
(B — 0) and the feed solute concentration (C—0) will be shown as well as
the effect of the external mass transfer coefficients and the concentration of
the draw solution are briefly discussed.

The starting expressions used give the same transport flux as the
literature ones. The osmotic pressure difference can be predicted more
accurately, applying the individual interface concentrations according to
Eq..(17) The difference between the linear approximation (van’t Hoff
equation) and the presented expression can even reach 25%. The predicted
results are compared to the measured ones at the end of this paper and also in
previous ones of authors [15, 19]. Results discussed in this paper are focusing
on how the concentration conditions, the membrane performance can be
affected by the membrane properties and the solute concentrations.

4. Results and discussion

In this section the change of some newly defined parameter as overall
transport coefficient, interface concentrations and water flux, under even
extreme conditions, will be shown. The main aim of this study is to show that
the extreme solute concentrations of both the draw and feed solutions can be a
real alternative method to seawater-river water pair, for economic energy
production by PRO systems.

4.1. Illustration of the deviation between the linear approach and the correct
prediction of the osmotic pressure difference

We think that it is important firstly to show why our new expressions
regarding the single interface concentrations might be considered to be
essential. Figure 2 illustrates the change of the water flux, as a function of the
water permeability as characteristic intrinsic membrane parameter, obtained
by the two different methods. Applying the van’t Hoff expression (n=2R,TC),
the water flux obtained is remarkable higher than that obtained by the Eq.
(17) with the OLI software [31] (it is called here as correct results) applying
the seawater-river water pair of the draw and the feed solutions, respectively.
In this low concentration range the linear approach gives higher osmotic
pressures than the OLI software. Depending on the water permeability the
deviation can reach even the 25%. It increases with the increase of the water
flux. Knowing the value of the hydraulic pressure difference (AP=10 bar in
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our case), the power density can easily be predicted in the both cases. This is
evidently shows that disregarding this can cause essential error in the
prediction of a membrane performance. The detailed discussion of this effect
is not an aim of this paper, only task is in this paper to emphasize the
importance of the model developed and analyze its effect in this paper.
Additionally, the change of the interface concentration of the membrane
active layer, namely C,, and C is shown in Figure 3, as a function of the
water permeability. Interesting to note that though the C,,-C, concentration
difference is always lower in the case of the linear approach, against that the
water flux is higher in case of the van’t Hoff approach. This is caused by the
different osmotic pressure difference at a given concentration value. On the
other hand, this figure also shows that the role of the support layer increases
due to the increase of the water flux. The concentration difference at the two
sides of the support layer changes between about 0.035 and the value of C; as
it can be seen in this figure. The raising water flux decreases the solute flux,
which increases the resistances of the external boundary layers. This can then
cause decrease of the C,, value with increasing A value.
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Fig. 2. Water flux as a function of the water permeability obtained by the linear
approach (with van’t Hoff expression) and by means of Eq. (17) using the OLI
Stream Analyzer software for predicting the single mm and 7, interface osmotic
pressures (Be=P= 3.85 x 10° m/s; A=1.9 x 10”7 m/sbar; B=5 x 107 m/s; S=500 pm;
AP=10 bar; Cq= 0.6 kmol/m*; C=0.015 kmol/m?; [seawater/river water pair]).
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Fig. 3. The variation of the interface concentration of the active layer as a function
of the water permeability. (Parameter values are given in caption of Figure 2).

4.2. Effect of the structural parameter

In this section the change some important new variables as a function of
the structural parameter will be discussed. As it is known, the intrinsic
properties of a membrane layer, namely membrane structural parameter,
water- and solute permeability’s, should essentially be improved for
economic energy production. Unfortunately the recently available polymeric
membranes have not possessed the desired properties yet. It is crucially
important to decrease of the value of the structural parameter. Values of A
and B pair were chosen according to Eq. (19) for our prediction, while the
value of AP was selected to provide the maximum power density to the given
A and B parameter-pairs. Hereinafter all predicted data are obtained using the
empirically related expression between the water permeability coefficient, A,
and salt permeability coefficient, B, which was developed for polymeric
membranes [33], namely:

B=yA> (19)

where y is a fitting parameter. Experimental data using polyamide membranes
have been fitted to this relationship and found y=0.1724 x 10 s’bar’/m?* (=
0.0133 m* h’bar’/L?). The cubic dependence of salt permeability on the water
permeability indicates that the increase of the water permeability coefficient
will rapidly decrease the selectivity of the membrane [34]. Thus, accepting
this A versus B function, an important task of the producers should be to
lower significantly the value of the y preparing new industrial membrane [15].

4.2.1. Overall transport coefficient, Boy

The role of the solute transfer rate is crucially important for
determination of the process efficiency of a PRO system. Its definition by Eq.
(6) exactly shows the effect of both the overall transport coefficient and the
driving force, in presence of both the diffusive and the convective flows. It is
obvious, that these overall transport coefficients, in presence of diffusive plus
convective fluxes should be less than that without convective velocity, ko, due
to the reverse direction of the two flows. The change of the ratio of the overall
transport and the overall diffusive mass transfer coefficients, Povkoy (/im
Bov=kov When J,—0) as well as the relative value of the driving force,

AC*/Cd, Ac*=Cd—Cf(]w[1/kf+1/kd+S/D])} according to Eq.

(6)], are illustrated in Figure 4 in the case of different values of solute and
water permeability, their function was calculated according to Eq. (19), as a
function of the membrane structural parameter, S. As can be seen in Figure 4,
the values of Po/ko, significantly decreases, especially at higher solute
permeability, while the driving force, AC", significantly increases, with the
increase of the solute permeability depending on the structural parameter. The
value of Bo/key (note lim Boy = koy when J, — 0) strongly decreases as
function of S and also with the increase of the value of B, though the absolute
value of B,y increases with the value of B .Note that the solute permeability is
part of the overall transport coefficient or its reciprocal value is portion of the
overall transport resistance. Normally, the value of B can be considered as the
solute mass transfer coefficient of the selective layer (however it involves the
solute solubility as well [16]).Value of B can generally vary between (0.03-3)
x 10 m/s, as a function of A in our case, depending on the membrane
characteristics. This value is at least one order of magnitude lower than e.g.
that of the external boundary layers. The decrease of the value of Bov/koy
indicates the increasing effect of the water flux, thus its rising affects strongly
the value the transport coefficient. The driving force changes mostly in the
higher structural parameter range, namely between S=100-1000 pm.
Depending on the B values it can decrease or increase as well. What is worthy
to mention, the effect of the driving force on the solute transfer rate is
generally significant, though it depends on the membrane properties. The J
value lowers from 3.6x10° kg/m*s down to 1.19%10°° kg/m?s in the structural
parameter regime investigated.

The water permeability is the other crucially important intrinsic
membrane parameter, which can decisively determine the efficiency of a PRO
process. Its effect is illustrated in the next figure (see Figure 5). As it follows
from Eq. (19), the solute permeability and accordingly the solute flux
essentially increase as a function of the water permeability, accordingly of the
water flux. Due to it, both the overall transport-, the diffusive mass transfer
coefficients as well as the solute flux significantly increases as a function of
value of A. As a result, the water flux has maximum value as a function of the
water permeability, i.e. the value of J, starts to decrease after a certain value
of A due to the high solute flux. This fact clearly shows that the value of B
should be limited with the increasing value of A in order to get higher water
flux. The correct mass transfer expressions enable the user to predict correctly
the membrane performance. The effect of the structural parameter and the






