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brane solvent and solute permeabilities
concurrently.

• The method's underlying model is en-
tirely based on osmosis and solute dif-
fusion.

• Osmosis should not be neglected in the
calculation of the solute permeability.

• Water and salt permeabilities depend
to a large extent on the solution con-
centration.

• Salt permeabilities thus determined
were able to simulate experimental RO
rejections.
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A novel experimental method and its associated model are proposed for the simultaneous determination of
membrane solute and solvent permeabilities, which are essential transport parameters of reverse osmosis
models used for process simulation. The method utilizes a single bench-scale batch apparatus consisting of
two stirred half-cells containing solutions of different concentrations separated by a membrane across which
coupled non-steady-state solute diffusion and solvent osmosis take place countercurrently in the absence of
transmembrane pressure difference. Results are presented from days-long determinations of the water and
sodium chloride permeabilities of Filmtec BW30 and NF270 membrane samples for initial transmembrane salt
concentration differences ranging from 1 g L−1 to 35 g L−1. When used as input parameters for the simulation
of pilot reverse osmosis desalination tests, the osmotic-diffusive salt permeabilities approximated the experi-
mental rejection rates.
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1. Introduction

The development of semipermeable membranes has transformed
the way some of the world's most critical issues can be addressed, as
for instance water desalination [1–3], water and wastewater treatment
[2–5] and sustainable energy generation [6,7]. Several processes based
on nonporous osmotic membranes are nowadays viable. These include
well-developed industrial processes such as reverse osmosis (RO) [8,
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9] as well as other processes under different stages of development, e.g.
forward osmosis (FO) [3] and pressure-retarded osmosis (PRO) [7]. For
a given set of operating conditions, the productivity and separation effi-
ciency of these processes are functions of themembrane permeabilities
to solutes and solvents essentially.

The membrane solute and solvent permeabilities are key input pa-
rameters of membrane separation and process models. Knowing them
is thus a prerequisite for process performance simulation. In a previous
work [10,11] the authors have developed a numerical model of proven
appropriateness for reverse osmosis separations in flat geometries. The
model is intended to be a readily usable simulation tool with predictive
capabilities, using the fewest and simplest input parameters possible.
The membrane solvent and solute permeabilities are two of these
input parameters.

Permeability measurements may be fraught with biases. When the
determinations are performed during pressure-driven filtrations [3,
7–10,12–25], the concentration polarization (CP) phenomenon [10,11]
brings uncertainty to the actual concentration difference between the
membrane sides. Indeed, quantifying the unstirred concentration
boundary layer of non-permeated solutes on the membrane-liquid in-
terface is not trivial. When the permeability measurements are carried
out in a purely diffusive setting (in non-pressurized mode) [9,10,12,
16,17,19,26–38], the main concerns are the propensity for internal
concentration polarization (ICP), which entangles the determination
of the permeabilities of the selective layer of composite membranes,
and the occurrence of a countercurrent transmembrane solvent flux.
This flux, which is due to osmosis, affects the estimation of the trans-
membrane solute flux. As amatter of fact, osmosis is not negligeable un-
less solutions of very low osmotic pressure are considered. All themore,
the permeabilities are pressure-sensitive and concentration-dependent
[10,19,20,24,26,39,40] and they are influenced by themembrane condi-
tioning protocol [10,21,39,41]. Despite the fundamental interest and the
practical relevance of duly addressing these sources of bias, their discus-
sion is scarce. Here, someof these problems are examined and an exper-
imental alternative to them is put forward.

In this paper, we implemented experimental conditions leading to
the more general problem in which countercurrent solute diffusion
and osmosis coexist. Thus, themembrane solvent and solute permeabil-
ities can be determined simultaneously from a single experiment. The
governing equations of a batch system formed by two binary liquid so-
lutions of unequal concentrations separated by a solution–diffusion
membrane [8,9,12,26,42] subject to non-steady-state solvent and solute
permeation, in the absence of any hydrodynamic flows and of any ap-
plied pressure, are presented and solved. Then, a suitable in-house
built permeation cell and the associated experimental method are
presented. They were applied to the determination of the water and
sodium chloride permeabilities of commercial reverse osmosis and
nanofiltration membrane samples. The concentration-dependence of
the parameters thus measured is evidenced. Finally, the applicability
of the permeabilities determined herein as input parameters of a
reverse osmosis model was evaluated for the prediction of the overall
performance of reverse osmosis pilot desalination tests. The paper's
findings are of interest to pressure-driven and osmotically driven
processes.

2. Literature review

2.1. Solution-diffusion model

Relying on only two transport parameters, namely themolar solvent
and solute permeabilities (A and B respectively), for effectively describ-
ing separations by nonporousmembranes, the classic solution-diffusion
(SD) model is far-reaching in RO, FO and PRO. Accordingly, the solvent
and the solute are transferred across the membrane in an uncoupled
way. Their relative separation results from their difference of solubility
and diffusivity in the membrane material [8,9,12,26,42]. The molar
fluxes (N) of solvent (subscript v) and solute (subscript s) are directly
proportional to their driving forces, respectively the net difference be-
tween the transmembrane hydrodynamic pressure difference (ΔP)
and transmembrane osmotic pressure difference (ΔΠ), and the solute
concentration difference (ΔC) between the membrane feed and filtrate
sides:

Nv ¼ A ΔP−ΔΠð Þ ð1Þ

Ns ¼ B ΔCð Þ: ð2Þ

Alternatively to Eq. (1), the volumetric transmembrane solvent flux,
Jv, can be defined as

Jv ¼ I−1 ΔP−ΔΠð Þ ð3Þ

from what, by writing V̂v for the solvent molar volume,

I−1 ¼ Vv̂A: ð4Þ

The van't Hoff's law is a typical osmotic pressure law in the water
desalination field:

Π ¼ iRTC ð5Þ

where i designates the number of dissociated ionic or neutral units per
unit of solubilized solute (i=2 for NaCl), R the ideal gas constant and T
the temperature of the solution.

In the following, we review the experimental methods applied for
the determination of the membrane solute and solvent permeabilities.

2.2. Permeability determination in pressure-driven filtration

2.2.1. Solvent permeability
I−1 is generally determinedwith Eq. (3) from the slope of a plot of Jv

as a function of ΔP in the course of a “filtration” of pure solvent,
i.e., when Π = 0 [3,7–10,12–23,39–41]. Such tests are also performed
when new membrane samples are conditioned prior to their end-use
in order to remove preservatives [41] and to allow for membrane
compaction [39,40] and porosity changes [20], which all cause flux
and selectivity modifications. However, standardized conditioning
procedures are uncommon [39,41]. Moreover, it is difficult to correlate
the operating conditions of the conditioningphase (e.g. themaximal ap-
plied pressure and the duration) with the operating conditions set for
the membrane's end-use.

2.2.2. Solute permeability
The solute permeability is also mostly determined in the course of

some pressure-driven crossflow filtration of a feed solution [3,7–10,
13–19,22–25]. For a given set of operating conditions, B may be fitted
to linear relations derived from membrane transport models relating
it to experimental crossflow filtration data, like the permeate (filtrate)
flux and the solute rejection rate, RR. For the SD model [13]:

1
RR

¼ 1
RRΔP→∞

þ B
RRΔP→∞

� �
1
Jv

ð6Þ

where

RR ¼ 1−
Cl

Cu
ð7Þ

where u and l denote the upstream (feed side) and downstream (per-
meate side) membrane-liquid interfaces, and RRΔP→∞ is the limiting
value attained by RR for very high Jv when ΔP → ∞. For a perfect SD-
membrane, RRΔP→∞=1. In reality, an asymptotic value in the range
0.9–0.99 for dense membranes (rationalized as σ, the Staverman



Fig. 1. Schematic diagram of a stirred osmosis-and-diffusion cell whose half-cells are
separated by a flat semipermeable membrane of exposed surface area S. The diffusional
solute flux across the membrane, Ns, and the solvent osmotic flux, Jv, are
proportional to the concentration difference between the concentrated and dilute
compartments, C+− C−, and have opposite directions. The volumes in each half-
cell, V+ and V−, are not constant unless osmosis is negligible.

2 In certain set-ups, the osmotic flux has been kept negligible by compensating the os-
motic pressure of the solution containing the solute under study by using, on the other
membrane side, a second solution to whose solute themembrane was impermeable [31].
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reflection coefficient [9,13,43,44]) is well-known experimentally; how-
ever, it is often neglected and set to unity. The ratio B/RRΔP→∞ has al-
ready been used as a modified permeability coefficient [14] whose
physical interpretation is unclear.

Employing Eq. (6) entails the unavoidable complication of reliably
quantifying concentration polarization. Indeed, “intrinsic” (“true”,
“real”) rejection rates, which are calculated from the enhanced mem-
brane surface concentrations instead of from the bulk or the feed con-
centrations, shall be used for Cu in Eq. (7). However, the experimental
measurement of CP layers right on the membrane surface is highly
intricate and has only been performed in simplified flow configurations
[45,46]. Thus, two issues might be taken but neither of them is optimal:
neglecting or calculating CP. The former choice results in inaccurate
values of B [15] which severely compromise the subsequent simulation
of rejection rates [10,11]. The second choice requires choosing an appro-
priate concentration polarizationmodel. The boundary layer filmmodel
[8] is the most frequent choice in this case but it is faced with well-
recognized weaknesses [10]. For calculatingmembrane surface concen-
trations, thefilmmodel depends on application-specific, empiricalmass
transfer coefficients and correlations; furthermore, it is a poor one-
dimensional treatment of a crossflow, which is by nature a two-
dimensional problem coupling momentum and mass transfers.

Representing themass transfer coefficient of thefilmmodel by k and
the feed (subscript f ) concentration by Cf, a rearrangement of the classic
expression of the film model, (Cu−Cl)/(Cf−Cl)= exp( Jv/k), gives

1−RRf

RRf
¼ 1−RR

RR
exp

Jv
k

� �
ð8Þ

where RRf is the easily accessible “apparent” (also called “observed”)
rejection rate:

RRf ¼ 1−
Cl

C f
ð9Þ

Setting RRΔP→∞=1 in Eq. (6), it comes that (1 − RR) / RR = B / Jv.
Rearranging Eq. (8),

ln Jv
1−RRf

RRf

� �
¼ Jv

k
þ lnB ð10Þ

Hence, B can be estimated from the ordinate-intercept of a plot of ln
Jv(1 − RRf) / RRf versus Jv / k fitted to experimental results. This can be
done for either various feed velocities (i.e., for various k) at constant
permeate flux (i.e., at constant ΔP) or for various permeate fluxes at
constant feed velocity [25,47,48], or, still, from single measurements
[18,22].

Eqs. (6) and (10) imply that the determination of B be carried out
once the pressure-driven filtration will be already taking place. For pre-
dictive process modeling and simulation, this situation is ambiguous
since a vicious circle originates: the determination of B presupposes
estimating CP by somemodelwhile the proper calculation of CP presup-
poses either knowing the permeate concentration (which is function of
B), as in the film model, or of B, as in other CP models [10,11,49].

2.3. Permeability determination in purely diffusive operation

In these types of experiment, sometimes termed dialysis or direct
osmosis (DO), two half-cells of a permeation cell containing each a solu-
tion of different concentration are separated from each other by amem-
brane of exposed surface area S as illustrated in Fig. 1. No external
pressure is applied in neither solution and the hydrostatic pressure
difference is controlled in order to be negligible. The solutions may
[16,30,31] or may not [17,26,29,32,34,50] recirculate. In the following,
the compartments of higher and lower concentration are symbolized
by + and − respectively.
2.3.1. Case of pure solute diffusion
For a system where osmotic pressures are negligible (e.g. for dilute

solutions of solutes of low molar mass), only the solute transfer across
the membrane from one compartment to the other needs to be
considered2. B is the only determinable parameter in this case. The vol-
umes of the solutions do not change with time (t) and the solute mass
balances in the half-cells read:

V− dC−

dt

� �
¼ NsS ¼ B Cþ−C−� �

S ð11Þ

Vþ dCþ

dt

� �
¼ −NsS ¼ −B Cþ−C−� �

S ð12Þ

Dividing Eq. (11) by V−, Eq. (12) by V+, subtracting one equation
from the other and solving for C+− C−, the time evolution of the system
is synthesized by the typical relation [51, pp. 23–26; 32]

ln
Cþ
0−C−

0

Cþ−C−

� �
¼ BS

1
Vþ þ 1

V−

� �
t ð13Þ

In a convenient experiment, the volumes of each compartment are
equal, here noted V±, and the dilute half-cell is initially solute-free,
i.e., C0−=0. In these conditions, the solute mass balance in the whole
system is:

Cþ
0 V

� ¼ CþV� þ C−V� ð14Þ

Combining Eq. (14) with Eq. (13), the following expressions can be
obtained [26,29,38]:

ln
Cþ
0

2Cþ−Cþ
0

� �
¼ 2BS

V�

� �
t ð15Þ

ln
Cþ
0

Cþ
0−2C−

� �
¼ 2BS

V�

� �
t ð16Þ

B can then be obtained with Eqs. (13), (15) or Eq. (16) from the
slopes of the plots of the logarithms versus time.

Image of Fig. 1
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2.3.2. Case of coupled osmosis and solute diffusion
For the more general case where the osmotic solvent flux cannot be

neglected, the determination of B via Eqs. (13), (15) or Eq. (16) is inac-
curate because the liquid volumes in both half-cells vary with time.
Other expressions shall be used; these will then also allow to calculate
the solvent permeability from the solvent osmotic flux.

Let the solvent flux be expressed as

Jv ¼
1
S

dVþ

dt

� �
¼ −1

S
dV−

dt

� �
ð17Þ

In some DO studies [16,17,30,31,33], regression lines have been
fitted on a case-by-case basis to the time evolution of C± and/or V±.
These expressions were then differentiated with respect to time, cf.
the left-hand side of Eq. (11) or Eq. (12) for the solute, and cf. Eq. (17)
for the solvent. Subsequently, the derivatives were injected in Eq. (11)
or Eq. (12) (solute), and/or in Eq. (3) (solvent) for ΔP = 0, from
whose resulting expressions the permeability values were obtained. It
is worth highlighting that this method involves numerical differentia-
tion performed on experimental data,whose accuracymay be a concern
[38].

It is remarkable that studieswhich have determined the solvent per-
meability under sole a concentration gradient (ΔP = 0) are scarce. For
instance, Goosens and Van-Haute [16] have done it and compared the
results to values obtained in RO-mode. They observed that the solvent
permeabilities I−1 in DO were ten times lower than the corresponding
RO ones. Matsuda and Kamizawa [31] also verified that the determina-
tion of I−1 by DO somewhat underestimated water fluxes in RO, but
found reasonable agreement; they verified furthermore a little tenden-
cy of underestimationwhen comparing the predictive results calculated
using values of B determined in DO to the experimental salt fluxes
measured in RO.

2.4. Permeability determination by other methods

In theory, instead of directly measuring I−1 and B, permeabilities
may still be calculated by separately measuring themembrane thick-
ness, ε, together with the equilibrium partitioning coefficient of a
substance in the membrane, K, and the diffusion coefficient of the
substance in the membrane, D. As for Ds for instance, salt sorption
or desorption experiments can be carried out [12,27]. A membrane
is soaked until equilibrium in a solution and subsequently soaked
in a pure-water bath; this induces the salt to diffuse out of the mem-
brane at a desorption rate indicative of the salt diffusion coefficient
in the membrane. Inversely, the membrane can first be equilibrated
in pure solvent and then soaked in a solution bath of known concen-
tration such that solute diffuses into themembrane. If the concentra-
tion polarization around the membrane is negligible, the experiment
reduces to the classic problem of unsteady-state diffusion in an infinite
flat plate with uniform initial profile and negligible surface resistance
[52,pp. 461–462]; or, from amathematical point of view, to a heat equa-
tion with Dirichlet conditions [53,chap.2]. If the Fourier series thus
obtained is truncated to its first term and then averaged across the
membrane for a given time t, Eq. (18) is obtained [8, p. 506; 9,12,27,
52, pp. 461–462]:

~C−~Ct→∞
~C0−~Ct→∞

¼ 8
π2 exp −

π2Ds

ε2
t

� �
ð18Þ

where ~C is the average solute concentration sorbed within the mem-
brane. Then, from the slope of a plot of ln ½ð~C−~Ct→∞Þ=ð~C0−~Ct→∞Þ� as a
function of t, it is possible to compute the ratio Ds/ε2 and, if ε is
known, to obtain Ds.

The partitioning coefficient Ks is calculated as the ratio of the steady-
state solute equilibrium concentration in the membrane to the solute
concentration in theneighboring solution [9,12,17,27,29]. Thermogravi-
metric analysis, for instance, can be used for quantifying the salt sorbed
inmembranefilms [17]; othermethods have been employed too [12,27,
29]. Once these values are known, B can be calculated according to its
expression in Eq. (2). However, in addition to analytical inaccuracies
when measuring the amount of sorbed or desorbed solute, the knowl-
edge of the membrane thickness, ε, ranging from some nanometers
up to a few micrometers, is all but accurate and requires sophisticated
experimental techniques [24].

An old study [9] showed that the permeabilities of dense cellulose
acetate membranes to sodium chloride in water measured in RO and
in DO were more than one order of magnitude higher than those cal-
culated by independently determining Ds and Ks. This points to the
existence of some parallel mass transfer mechanism in addition to
solution–diffusion (e.g. convective flow) in the former operating
modes [9].

Solute permeabilities have also been determined by means of
permeation tests with small amounts of radioactive tracer sub-
stances and other membrane categories. Tracer permeabilities
found with Cuprophan membranes and radiocarbon-labeled sucrose
as the solute were significantly lower compared to the phenomeno-
logical permeabilities. This is possibly a result of the heterogeneity of
the permeation pathways within the membrane [28]. Finally, in
recent times, molecular dynamics simulations show encouraging
potential for predicting membrane transport properties [8,54].

3. Governing equations

A novel systematic procedure for the determination of membrane
solute and solvent permeabilities is proposed from this point on. An iso-
thermal system as that in Fig. 1 is considered. It is composed of two half-
cells containing each a binary solution of the same solvent and solute
but with different concentrations, separated by a permselective mem-
brane of exposed surface S. The unique driving force in the system is
the transmembrane osmotic gradient, i.e., the solute concentration dif-
ference across the membrane; no hydraulic or hydrostatic pressure is
exerted on neither solution (ΔP = 0). As a result of stirring, the mass
transfer resistances in the boundary layers on both membrane sides
(CP) are neglected, as well as any buoyancy force leading to natural
convection.

Two interdependent, non-steady-state, one-dimensional, anti-
parallel transmembrane fluxes originate: the solute molar flux Ns and
the (solvent) volumetric osmoticflux Jv. The lattermodifies the volumes
in bothhalf-cells,while bothfluxes equally determine the concentration
changes of both solutions [10,38]. The transmembrane concentration
gradient diminishes with time. The van't Hoff's osmotic pressure law
is assumed (Eq. (5)). The permeabilities I−1 and B are set constant in a
same experiment. According to Eqs. (3) and (2) and defining the direc-
tion of the solute flux as positive:

Jv ¼ −I
−1

Cþ−C−� � ð19Þ

Ns ¼ B Cþ−C−� � ð20Þ

where

I
−1 ¼ iRTI−1 ð21Þ

It is implied in Eq. (19) that the solute does not contribute to the
volume of the solutions and that the hydrostatic pressure created by
the difference of liquid levels in the half-cells is negligible compared
to ΔΠ. From Eqs. (19) and (20), the solvent and solute mass balances
in the dilute and in the concentrated compartments are, respectively:

1
S

dV−

dt

� �
¼ −I

−1
Cþ−C−� � ð22Þ
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1
S

dC−V−

dt

� �
¼ 1

S
C− dV−

dt
þ V− dC−

dt

� �
¼ B Cþ−C−� � ð23Þ

1
S

dVþ

dt

� �
¼ I

−1
Cþ−C−� � ð24Þ

1
S

dCþVþ

dt

� �
¼ 1

S
Cþ dVþ

dt
þ Vþ dCþ

dt

� �
¼ −B Cþ−C−� � ð25Þ

Themass balances from Eqs. (11) and (12) are retrieved for I−1= 0.

3.1. Calculation of the ratio of permabilities

The evolution of the concentrations and volumes is a function of
their initial values and of I−1 and B only. Therefore, before solving the
systems of equations above, it may be of interest to track the mutual
progression of those variables independently of time. Noticing that [10]

dC�

dV� ¼ dC�

dt
=
dV�

dt
ð26Þ

it follows from Eqs. (22) and (23) or from Eqs. (24) and (25) that

dC�

dV� ¼ −
1
V�

B

I
−1 þ C�

 !
ð27Þ

An opportune experiment would start with pure solvent in the
dilute half-cell, so that C0−=0. In this case, by solving Eq. (27) and
rearranging [10]:

C− ¼ B

I
−1

V−
0

V− −1
� �

ð28Þ

Cþ ¼ B

I
−1

Vþ
0

Vþ −1
� �

þ Cþ
0
Vþ
0

Vþ ð29Þ

Eq. (28) is especially practical for gaining a first insight into the

membrane permselectivity via the ratio of permeabilities B=I
−1

.
The analogous mathematical development for a membrane follow-

ing the Kedem–Katchalsky transport model [9,44] is found in the
Appendix A.

3.2. Calculation of the solvent and solute permeabilities separately

The mass conservation in the system as a whole is, at any time:

V− þ Vþ ¼ V−
0 þ Vþ

0 ð30Þ

C−V− þ CþVþ ¼ C−
0 V−

0 þ Cþ
0 V

þ
0 ð31Þ

By combining these equations with, for instance, Eqs. (22) and (23),
the derivatives of the volume and of the concentration of the dilute so-
lution can be isolated as functions of unknowns of the dilute compart-
ment only. The following system of first-order ordinary differential
equations is obtained:

dV−

dt
¼ I

−1
S

C−V−

Vþ
0 þ V−

0 −V− þ C−−
Cþ
0 V

þ
0 þ C−

0 V−
0

Vþ
0 þ V−

0 −V−

� �
ð32Þ
dC−

dt
¼ I

−1
S

C− Cþ
0 V

þ
0 þ C−

0 V−
0

� �þ C−½ �2 Vþ
0 þ V−

0

� �
V− Vþ

0 þ V−
0 −V−� �

 !

þ BS
Cþ
0 V

þ
0 þ C−

0 V−
0 þ C− Vþ

0 þ V−
0

� �
V− Vþ

0 þ V−
0 −V−� �

 !
:

ð33Þ

Eq. (32) and (33) can be solvedwith the objective of determining I
−1

and B by fitting these parameters to experimental data of C− and V−.
This will be done in Section 5.

A similar system could be written for the concentrated solution. Al-
ternatively, the values of C+ and V+ can be readily calculated from the
mass conservation expressions, Eqs. (30) and (31), after solving
Eqs. (32) and (33).
4. Materials and methods

Two types of experiments have been carried out. First, the usual de-
termination of the membrane water permeability in pressure-driven
crossflow filtration of pure water (cf. Sections 2.2.1 and 4.2); these ex-
periments are sometimes referred to as “membrane conditioning” in
this text. Afterwards, the determination of the membrane water and
salt permeabilities under a concentration gradient only (cf. Sections 3
and 4.3) took place.
4.1. Membrane samples

The BW30 and NF270 commercial flat-sheet polyamide thin-film
composite (TFC) membrane samples manufactured by Dow Filmtec
(USA) were employed. In pressure-driven applications, the former is a
brackish-water RO membrane and the latter is a loose-NF membrane
for high rejection of organics but capable of only partial softening and
low salt rejection. Since the membrane structure and mass transfer
mechanisms inside NF membranes are markedly distinct from those
of an RO membrane, the results obtained with the NF270 in this study
are only meant to be a comparison with those obtained with the
BW30 for similar initial conditions.
4.2. Membrane conditioning

The SEPA CF II (GE Osmonics, USA) bench-scale plate-and-frame
crossflow filtration unit was used. It accommodated a membrane with
an effective filtration area of 132 cm2 and whose selective layer was al-
ways facing the feed stream. Ultrapure water was fed into the flow
channel at 298± 1 K at the desired transmembrane pressure with a cir-
culation velocity of 0.8 m s−1. The permeate of each experiment was
weighted in a collection vessel by an analytical balance (Precisa XT
4200C, Switzerland) connected to a data acquisition program set with
a measurement time step of 5 s. More details on the equipment can be
found elsewhere [10].

For each membrane, the conditioning cycle lasted for about 2.5 h.
During an initial “cleaning” stage of 10 min, ΔP was maintained
practically at zero and no permeate flux was detected. It was then in-
creased by 5- to 10-min-long increments up to approximately
25 × 105 Pa, maintained at this plateau for 1 h and eventually
brought back to zero by increments. The membrane samples have
not undergone any other treatment. The maximal conditioning pres-
sure is low in comparison with typical operating pressures in seawa-
ter desalination. However, it corresponds with the operating
pressures used during the pilot experiments (Section 5.3.1). It is
also in agreement with the characteristic operating pressures in
brackish water desalination.



Fig. 2. Schematic representation of the stirred batch permeation cell used for the determination of the membrane permeabilities via osmosis and solute diffusion. On the left-hand side,
front view of a half-cell seen in the direction parallel to themembrane. On the right-hand side, front view of the experimental set-up assembledwith the half-cells face-to-face and shown
in the direction perpendicular to the membrane surface.

66 G.H. Lopes et al. / Desalination 387 (2016) 61–74
4.3. Determination of the water and salt permeabilities via osmotic-
diffusive experiments

The stirred permeation cell represented in Fig. 2 was used. It is a
batch device composed of two half-cells made of acrylic. Each half-cell
is 8.0 cm high on the inner side and has a 5.0 cm × 4.0 cm inner cross-
sectional area for an effective capacity of 160 mL. Both have a vertical
aperture in symmetrical positions drilled, depending on the half-cell, ei-
ther in a thin horizontal cylindrical prominence or in the corresponding
thin hollow. These apertures limit the effectivemembrane area exposed
to the solutions to S = 0.785 cm2. Once the half-cells are assembled
face-to-face and fastened tightly against each other, a nozzle-shaped
channel, with the membrane in its middle, extends from the inner
side of a half-cell's wall up to the inner side of the other half-cell's
wall. A lid prevented contamination and evaporation and housed the
Table 1
Overviewof all osmotic-diffusive experiments carried out, their initial conditions and their
labels as adopted in this paper.C0+, C0−,V0+ andV0

− are, respectively, the initial sodium chlo-
ride concentrations and initial volumes of the concentrated and dilute aqueous solutions.
The initial concentrations of the concentrated salt solutions on the second column of the
table were of 1 g L−1, 10 g L−1 and 35 g L−1; the values in these units are mnemonically
integrated into the experiments' labels.

Membrane
sample

C0
+

(mol m−3)
C0
−

(mol m−3)
V0
+ m3 V0

− m3 Experiment's
label

BW30 (RO) 17.1 0 9.9 × 10−5 9.9 × 10−5 B1A
9.9 × 10−5 1.0 × 10−4 B1B

171.1 0 9.7 × 10−5 9.7 × 10−5 B10A
598.9 0 9.6 × 10−5 9.6 × 10−5 B35A

1.0 × 10−4 1.0 × 10−4 B35B
NF270 (NF) 17.1 0 9.8 × 10−5 9.8 × 10−5 N1A

9.7 × 10−5 9.9 × 10−5 N1B
171.1 0 9.6 × 10−5 9.6 × 10−5 N10A

9.8 × 10−5 9.9 × 10−5 N10B
598.9 0 9.9 × 10−5 9.9 × 10−5 N35A
gear system of the electrically driven stirring mechanism. Stirring
speed was fixed at 120 rpm. The experimental set-up was checked for
the absence of communicating vessels before each experiment. No
pump, valve or recirculation system is used. Further descriptions are
presented in [10].

An experiment started by filling the half-cells simultaneously: in
the concentrated compartment, approximately 100 mL of a sodium
chloride (reagent grade, Honeywell Seelze, Germany) solution pre-
pared with distilled water; in the dilute chamber, approximately
100 mL of pure distilled water (exact values in Table 1). The
membrane's selective layer was always in contact with the concen-
trated solution. As shown in Table 1, ten experiments in total have
been done, 5 with a same BW30 sample and 5 with a same NF270
sample, and 3 initial salt concentration differences typical of water
desalination applications have been tested: 1, 10 and 35 g L−1

(17.1, 171.1 and 598.9 mol m−3). The durations of the experiments
– from 5 to 15 days –were functions of the measurability of the evo-
lution of the concentration in the dilute half-cell (where the mea-
surements were more sensitive) and of the height of liquid (h) in
the compartments (in order to prevent overflow in the concentrat-
ed side and to ensure that the membrane was always submerged in
the dilute side). For the same reasons, measurements were done ei-
ther one or a few times a day at most. A blank test carried out with
distilled water during 8 days resulted in only 1.7% volume loss by
evaporation in each half-cell.

The liquid levels (without stirrers) weremeasured with a graduated
ruler. The concentration and temperature of both solutions were mea-
sured with a conductivity meter (Eutech/Oakton CON 11, Singapore/
USA) equipped with a built-in temperature sensor (EC-CONSEN91W
35608–50); minor losses of solution occurred after each measurement
in both half-cells when wiping the conductivity electrode dry. The
measurements were performed systematically first in the dilute com-
partment and only after in the concentrated half-cell; the meter's elec-
trode was rinsed and wiped dry before and after each of these
measurements.

Image of Fig. 2


Table 2
Water permeability of the RO and NF membrane samples in pres-
sure-driven crossflow filtration of pure water (membrane condi-
tioning phase).

Membrane I−1 (m Pa−1 s−1)

BW30 (RO) 8.74 (±0.04) 10−12

NF270 (NF) 5.72 (±0.01) 10−11

Fig. 4. For all experiments, (a) absolute mass of salt which diffused into the dilute half-cell
and (b) mass of salt which diffused into the dilute half-cell compared to the initial mass of
salt in the concentrated half-cell.
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5. Results and discussions

5.1. Membrane conditioning

The final water permeability values of the conditioned membranes
under an applied transmembrane pressure are listed in Table 2. Not sur-
prisingly, the water permeability of the reverse osmosis membrane
was much lower than that of the nanofiltration membrane.

As mentioned in Section 2.2.1, pressure-induced mechanical com-
paction and porosity modifications are known to influence the mem-
brane mass transfer properties. Indeed, for both membrane samples,
the permeability evolved considerably with ΔP during the increasing-
pressure cycle of the conditioning protocol, but kept a constant value
throughout the subsequent decreasing-pressure cycle [10].

5.2. Osmotic-diffusive experiments

Henceforth, calculations are based onmeasurements and other data
relative to the dilute half-cell only since the conductivitymeasurements
in this compartment were more sensitive.

5.2.1. Measurements of osmosis and salt diffusion
Let Vosm be the total “accumulative” volume of water transferred by

osmosis from the dilute compartment (“water reservoir”) into the con-
centrated half-cell, andmdiff be themass of NaClwhichdiffused from the
concentrated half-cell (“salt reservoir”) into the dilute compartment:

Vosm ¼ LW h−−h−0
� �

−Vloss ð34Þ

mdiff ¼ LW C−h−−C−
0 h−0

� �
Ms−m−

loss ð35Þ

where L=0.05m andW=0.04m (in the current set-up), and Vloss and
mloss

− are small terms explained in the Appendix B accounting for minor
water and salt losses.

Fig. 3 presents the ratios between the total volume of water trans-
ferred by osmosis, Vosm, and the initial volume of the dilute half-cell,
V0
−, as a function of the elapsed time. It can be seen that the osmotic

effect is higher with the BW30, a membrane typically more selective
Fig. 3. Fraction of the water of the dilute half-cell drawn with time by osmosis for all
experiments.
than NF membranes in pressure-driven filtration. When comparing
mdiff for both membranes in Fig. 4a, the solute transfer is higher for the
NF270, the less selective of the two in pressure-driven operation. Still,
when considering in Fig. 4b the ratio between mdiff and the initial
amount of salt in the salt reservoir (C0+), it can be seen that this ratio de-
creased for higher C0+. This is the same as saying that this ratio decreased
for higher concentration differences between the two compartments,
since the concentration in the concentrated solution was always much
higher than that in the dilute solution [10]. Hence, it is already possible
to infer from Fig. 4b that themembrane salt permeability (B) decreased
with increasing salt concentration for both membranes tested. Finally,
since the plots are very close to straight lines, it is reasonable to assume
that themembrane permeabilitieswere constant along the duration of a
same experiment.

For illustration, Fig. 5 presents the instant measurements of the
heights, solute concentrations and temperatures of the concentrated
and dilute solutions in the course of the osmotic-diffusive experiment
B10A. The measurements carried out during the other experiments
are presented in reference [10].
5.2.2. Water and salt permeabilities
Fig. 6 illustrates, with the experiment B10A, the linear regressions

fitted to the experimental data of V0
−/V−−1 as a function of C− (as in

Eq. (28) but with the position of the axes modified). These values
have been previously corrected by taking into account the eventual
losses, as explained in Appendix B. The fittings for all other experiments
can be found in [10].

The fourth, fifth and sixth columns of Table 3 contain the permeabil-

ity ratios B=I
−1

determined according to Eq. (28) for all experiments.

Image of Fig. 3
Image of Fig. 4


Fig. 5. Evolution of the (a) liquid column heights, (b) salt concentrations and
(c) temperatures measured along several days in the concentrated (+) and dilute (−)
half-cells illustrated for the experiment of osmosis and diffusion B10A.

Fig. 6. Mutual time-evolution of V0
−/V−−1 and C− for the experiment B10A. Lower and

upper 95%-confidence intervals calculated with the software OriginPro 9.1 for the
ordinate-error weighted least square straight line are shown in light gray in the plot; r2

is the coefficient of determination of the fitted line. From the reciprocal of the slope of

this plot, the ratio of permeabilities B=I
−1

can be calculated from Eq. (28) and, hence, B/
I−1 can be determined (see Table 3).
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The order of magnitude of B=I
−1

for the two membranes is completely
different: 1 mol m−3 for the BW30 and 101 mol m−3 or 102 mol m−3

for the NF270. Furthermore, the values are clearly concentration-
dependent: as ΔC0=C0

+−C0
− increases by a factor 10 or by a factor 35

for the BW30 and the NF270, the ratios practically double or triple for
the former membrane and increase by approximately 2–3 times or by
6 times for the NF270 respectively. The results for experiments B1B
and B1A coincide. They differ of 23% when comparing B35B to B35A
(same magnitude although no overlap in the confidence intervals); of
8% when comparing N1B to N1A (overlap in the confidence intervals)
and of 21% when comparing N10B to N10A (same magnitude although
no overlap in the confidence intervals).

The evolutions of the corrected values of C− and V− are presented in
Fig. 7 together with the plots generated by solving Eqs. (32) and (33)
fitting simultaneously the unknowns I−1 and B to the experimental
data (notice that V− is little sensitive to B). A fourth-order Runge–
Kutta scheme [55,p. 897]with afixed time step of 5min has been imple-
mented in the program Microsoft Excel 2010 for this purpose. The
results obtained for the two membranes are grouped in Fig. 8 and tran-
scribed in the seventh and eighth columns of Table 3. The ninth column
of Table 3 shows that the ratio of permeabilities calculated with the
fitted permeabilities are similar to the ratios of permeability obtained
directly from the least-square straight lines, what confirms the validity
of both approaches.

As can be seen in Fig. 8 and in Table 3, the water and salt permeabil-
ities decreased significantly with the initial transmembrane concentra-
tion difference in osmotic-diffusive operation. The concentration-
dependence of the water permeability was even stronger: I−1 of the
RO and NF membrane samples decreased up to one order of magnitude
when ΔC0 changed from 17.1 mol m−3 to 598.9 mol m−3; meanwhile,
the reduction of B varied between 3 and 6 times for the RO sample and
1.7 times for the NF sample. The decrease of permeabilities with the in-
crease of the solute concentration is qualitatively in agreement with the
free volume theory of diffusion in polymers [26,29,35] and could also be
related to the modification of the equilibrium partitioning constants
(solute and solvent contents of the membrane) and to osmotic swell-
ing/shrinkage of themembranematerial [9,35]. As for I−1 still, itwas ev-
idenced that the solvent permeability in osmotic-diffusive operation
was much lower than that under pressure in 9 of 10 experiments: up
to one order ofmagnitude for the BW30 and to two orders ofmagnitude
for the NF270. The experimental reproducibility was mostly good for
I−1 (5% relative difference between B35B and B35A, equality between
N1B and N1A and 11% difference between N10B and N10A), except for
the experiments B1B and B1A (41%). It was mostly poor for B (38% rel-
ative difference between B1B andB1A, 21% between B35B and B35Aand
32% between N10B and N10A), except for the experiments NF1A and
NF1B (5%). No satisfactory explanation has been found for the non-
reproducibility of experiments. Differences in the average temperature
during repeated experiments, the possibility of occurrence of small sur-
face defects when the membrane samples were handled, or, still, the
modification of CP conditions due to eventual oscillations in the func-
tioning of the stirrers might be factors behind this finding.

For illustration, the errors incurred by the use of Eq. (16), originally
deduced for the determination of the solute permeability in a situation
of negligible osmotic flux, can be calculated at this point with the data
in Table 3. Not surprisingly, the agreements between the salt permeabil-
ities calculated via Eq. (16) and via the numerical fitting to the solution

Image of Fig. 5
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Table 3

Synthesis of all values of salt and water permeability, B and I−1 respectively, and of selectivity, B=I
−1

, obtained from the osmotic-diffusive experiments. From Eq. (21), I
−1 ¼ iRTI−1

where i = 2 and T = 293 K. LCL and UCL: least-square straight line's lower and upper confidence limits. The initial salt concentration differences on the second column were
of 1 g L−1, 10 g L−1 and 35 g L−1.

Membrane ΔC0 (mol m−3) Experiment From Eq. (28) From Eqs. (32) and (33) and Fig. 7

B=I
−1

(mol m−3) B (m s−1) I−1 (m Pa−1 s−1) B=I
−1

(mol m−3)

LCL Mean value UCL

BW30 (RO) 17.1 B1A 1.7 1.8 1.9 5.6 × 10−8 6.5 × 10−12 1.8
B1B 1.7 1.8 1.9 9.0 × 10−8 1.1 × 10−11 1.7

171.1 B10A 3.7 3.8 4.0 3.6 × 10−8 2.1 × 10−12 3.5
598.9 B35A 3.8 4.0 4.1 1.5 × 10−8 7.0 × 10−13 4.4

B35B 4.8 5.2 5.6 1.9 × 10−8 7.4 × 10−13 5.3
17.1 N1A 54.3 60.9 69.2 4.6 × 10−7 1.5 × 10−12 62.9

N1B 57.8 66.3 77.9 4.4 × 10−7 1.5 × 10−12 60.2
NF270 (NF) 171.1 N10A 124.7 137.3 152.7 2.6 × 10−7 4.0 × 10−13 133.4

N10B 160.0 173.1 188.5 3.8 × 10−7 4.5 × 10−13 173.3
598.9 N35A 356.3 381.7 411.0 2.6 × 10−7 1.5 × 10−13 355.8

69G.H. Lopes et al. / Desalination 387 (2016) 61–74
of the system of Eqs. (32) and (33) were close only in the cases were
V−1 varied little (NFmembrane).When the volumeof the solutions var-
ied significantly (RO membrane), the errors incurred ranged from 27%
up to 45% [10]. This confirms the inadequacy of the classic Eq. (16) for
determining permeabilities in the general case of non-negligible osmot-
ic pressures [10,38].

It is also of primary importance to highlight the discrepancies be-
tween the salt permeabilities determined by numerical fitting to the so-
lution of the system of Eqs. (32) and (33) and the salt permeability
values which one would be assuming if an osmotic-diffusive ratio of
permeabilities were combined with a water permeability determined
in pressure-driven crossflow filtration. The comparisons are shown in
Table 4. Salt permeabilities 2 to 3 orders of magnitude above the actual
ones would be found for the NF membrane and up to 1 order of magni-
tude for the ROmembrane. In other words, themembrane selectivity in
these experiments was not conserved between situations where the
membrane undergoes a pressure or a concentration (osmotic pressure)
difference.

Finally, an unconventional findingwas that thewater permeabilities
(and water fluxes) determined in osmosis and salt diffusion were in
most cases much higher for the RO membrane than for the NF mem-
brane, what is the opposite of the results typically found in pressure-
driven filtration. It is not likely that setting the Staverman reflection co-
efficient to unity when modeling the solvent flux in Eq. (19) (i.e., that
writing I−1 instead of σI−1 [9,44]), be behind this finding; this would
mean that σ for the NF270 needs to be of order 10−2–10−1 for its per-
meability to be of a similar or higher magnitude than that of the
BW30. Such values are too low for σ, especially in the absence of ΔP.
Again, the fundamental inequality between ΔΠ and ΔP as regards the
mass transfer mechanisms that they engendered across the TFC mem-
branes is put in evidence and points, seemingly, to a significant contri-
bution of ΔP-induced convective flow as a parallel transfer mechanism.

5.3. Simulation of reverse osmosis

Our final goal is to evaluate the usefulness of the osmotic-diffusive
permeability values as input parameters of predictive models for
reverse osmosis.

5.3.1. Rejection rates in reverse osmosis
In order to compare the salt permeabilities determined herein with

those which fit the values of apparent rejection rate measured in RO
with membranes of the same specification, pilot experiments described
elsewhere [10,11,56] have been performed in a spiral-wound module
equipped with a BW30-4040 membrane (Dow Filmtec, USA) with
aqueous sodium chloride solutions of concentrations similar to the
values of ΔC0 tested in osmotic-diffusive mode. In a previous work
[10,11], the authors have proposed a numerical model which considers
the coupling of membrane transport to hydrodynamics and bulk
(i.e., across the polarization concentration layer) mass transfer. In this
model, the membrane permeabilities intervene in the boundary condi-
tions of the flow domain. The values of the solute permeability B have
then been fitted, aiming to reproduce the experimental rejection rates
RRf.

Even though these rates were not exactly fitted by the salt perme-
abilities determined in osmosis and diffusion, these values of B were
still very useful since they yielded rightmagnitudes of RRf; formany op-
erating conditions at lower feed concentration all themore, a very close
agreement was found. As shown in Fig. 9a for the RO experimentwith a
feed solution of 1.4 g L−1 and in Fig. 9b for a feed solution of 10.0 g L−1, a
unique permeability valuewas capable of satisfactorily fitting the rejec-
tion rates obtained for different operating pressures/permeatefluxes for
a same concentration. Indeed, as formalized by the classic solution-
diffusionmodel, the solute transmembrane chemical potential gradient,
which is the driving force for solute transfer across themembrane, is es-
sentially insensitive to pressure [8,9]. This is implied in Eq. (2), where

the pressure-dependent term −V̂sΔP=RT is neglected [8] and the only
remaining effect of pressure is due to its very slight influence on the dif-
fusion and partitioning coefficients of the solute. The concentration-
dependence of B is observed in pressure-driven operation [11].

Some dissimilarities between the osmotic-diffusive experiments
and the pressure-driven tests with the spiral-wound module deserve
to be highlighted: the fact that the membranes used in both cases are
not the same single samples though they have the same specifications;
the difference between the maximal operating pressures used during
the conditioning of the two RO membranes (25 × 105 Pa with the flat
sample and 22 × 105 Pa with the spiral-wound membrane); the
variation of the temperature during the osmotic-diffusive experiments
versus the constancy of the feed temperature during the RO tests.
Also, each membrane sheet in the spiral-wound module measures
approximately 0.88 m2 whereas the sample used for the osmotic-
diffusive tests had a surface area of only 0.785 cm2: it is known that spa-
tial variation of values of solvent and solute permeabilities can exist
along a samemembrane sheet due tomanufacturing reasons [21]. Final-
ly, studies with spiral-wound modules in PRO have suggested that
tensile stresses generated in the membrane material undergoing defor-
mation caused by the feed spacer subject to pressure influence the
membrane permeabilities and selectivity to water and salt [22].

That said, the results emphasize the applicability of the osmotic-
diffusive determination of the solute permeability as an integral part
of a predictive approach for the simulation of rejection rates of reverse
osmosis processes.
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5.3.2. Permeate fluxes in reverse osmosis
The RO-permeate fluxes of thiswork are insensitive to B because the

permeate obtained with membranes of so low salt permeability is very
dilute.

Most water permeabilities determined for the RO membrane
sample in osmosis-and-diffusion (Table 3) are up to one order of
magnitude lower than that determined under pressure (Table 2)
and that of the spiral-wound membrane (Fig. 9). As a consequence,
the use of the osmotic permeabilities for the simulation of the RO
permeate fluxes totally underestimates the fluxes.

The membranes used in this study have an anisotropic struc-
ture. Their ultra-thin selective layers lie on reinforcement porous
substrates [8,9] across which a non-negligible mass transfer resis-
tance exists when purely diffusion-induced transmembrane trans-
fer takes place. This occurrence is termed internal concentration
polarization (ICP) in the literature of osmotically driven processes
[3,7,18,23,37,38]. ICP must be contributing to the fact that the
osmotic water permeabilities determined herein are much lower
than those measured under pressure during the membrane condi-
tioning, but it is sound to extend the discussion beyond this
phenomenon. For instance, permeability changes engendered by
the development of mechanical stresses (internal pressure gradi-
ents) in the membrane material subject to pressure could also be
put forward [19,57] – this topic goes largely unstudied in the mem-
brane field.

It is also worth mentioning that the “exchange” of coefficients
among essentially different membrane-solution states, as is the case of
systems under pressure or under osmotic gradients, has been
questioned by a few authors [10,19,36,37]. Care shall be therefore
exercised when establishing quantitative links between permeabil-
ities in RO, FO and PRO applications. Attention should also be paid
to the concentration-dependence of the permeabilities for the
three processes at usual water desalination conditions and to the in-
fluence of the membrane conditioning pressure on the membrane
transport properties.

6. Conclusions

A model and an experimental method for the simultaneous de-
termination of both solute and solvent membrane permeabilities
are proposed. The values which are thus obtained have a reasonable
accuracy and enable the predictive simulation of pilot reverse-
osmosis experiments. The experimental set-up is simple and only
small amounts of solution and small membrane surfaces are neces-
sary, making the method interesting despite the duration of the
experiments.

An improvement for the experimental set-up is the addition of
a device which maintains the temperature of the solutions at a
constant value. The present set-up only measures the temperature
but does not control it, reason why temperature differences of ap-
proximately 10 K occurred during a same experiment. Therefore,
some physical properties (mainly viscosity and diffusion coeffi-
cients) fluctuated during the experiments. The order of magnitude
of the permeabilities should be considered for such experiments
rather than the exact numerical values. In spite of that, the tem-
perature control pertains to the experimental device and does
not cast doubt on neither the method nor the model that are
proposed.

Osmotic-diffusive membranewater permeabilities were found to be
lower than the membrane water permeabilities under hydrodynamic
pressure by several orders of magnitude. Therefore, at present, the
Fig. 7. Plots of the experimental results (dots) of volume and concentration of the dilute
half-cell and of the corresponding numerical solutions (lines) of Eqs. (32) and (33)
generated by parametric fitting of I−1 and B to the experimental data.
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Fig. 8. Membrane permeabilities determined either via osmosis-and-diffusion for initial
transmembrane salt concentration differences of 1 g L−1, 10 g L−1 and 35 g L−1 or
determined during pressure-driven pure-water crossflow filtration. (a) Water
permeabilities. (b) Salt permeabilities.

Fig. 9. Experimental (dots) and simulated (lines) rejection rates as functions of the
permeate fluxes during the RO desalination of model aqueous sodium chloride solutions
of concentration (a) 24.0 mol m−3 (1.4 g L−1) and (b) 171.1 mol m−3 (10.0 g L−1) with
the BW30–4040 spiral-wound membrane module. The values of salt permeability
obtained during the osmotic-diffusive experiments with the BW30 are inputs for the
simulations (dashed lines). The RO experiments have been carried out at 298 ± 1 K
with inlet pressures ranging from 1 × 105 Pa to 20.5 × 105 Pa and an inlet circulation
velocity of 0.11 m s−1 (feed Reynolds number of 212). The water permeability of the
BW30–4040 membrane determined previously in pressure-driven crossflow with pure
water was 7.13 × 10−12 m Pa−1 s−1, thus a little below the 8.74 × 10−12 m Pa−1 s−1

found for the flat BW30 sample in Table 2. Simulations reproduced the intense mixing
in the flow channel by employing an effective Schmidt number [10,11,56] of 50.
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determination of the solvent permeability for RO purposes must be
done under pressure-driven pure-solvent filtration as usually. These
findings indicate a dissimilarity between the water transport mecha-
nisms engendered by pressure and by osmotic pressure (concentration)
differences across composite (anisotropic) membranes. Further studies
with isotropic membranes would be insightful. The novel method is
appropriate for the determination of the value of membrane solute
permeability when osmosis is not negligible since it properly con-
siders the effect of the countercurrent solvent osmotic flux on the
calculations.
Table 4
Discrepancies between the purely osmotic-diffusive sodium chloride permeabilities fitted
to the numerical solution of Eqs. (32) and (33) in Fig. 7 and those, hypothetical, which
would be assumed if water permeabilities determined in pressure-driven pure-water
crossflow filtration (Table 2) were assigned to the osmotic-diffusive ratios of permeability
calculated with Eq. (28).

Experiment Pure osmotic-
diffusive mode

Osmotic-diffusive B=I
−1

mixed
with the pressure-driven I−1

B (m s−1)

B1A 5.6 × 10−8 7.5 × 10−8

B1B 9.0 × 10−8 7.4 × 10−8

B10A 3.6 × 10−8 1.6 × 10−7

B35A 1.5 × 10−8 1.7 × 10−7

B35B 1.9 × 10−8 2.1 × 10−7

N1A 4.6 × 10−7 1.7 × 10−5

N1B 4.4 × 10−7 1.8 × 10−5

N10A 2.6 × 10−7 3.8 × 10−5

N10B 3.8 × 10−7 4.8 × 10−5

N35A 2.6 × 10−7 1.0 × 10−4
The classic solution-diffusion model has been considered here.
Other membrane transport models which seek a more fundamental
comprehension and accurate quantification of the small-scale mass
transfer across the membranes may also be combined with the
method here developed. Extracting their numerous transport pa-
rameters by means of the experiments here proposed is yet to be
assessed.

Nomenclature and units

Greek symbols
Δ [−] transmembrane difference
ε [m] membrane thickness
Π [Pa] osmotic pressure
σ [−] Staverman reflection coefficient
ω [mol m−2 Pa−1 s−1]
molar Kedem-Katchalsky membrane solute permeability

Latin symbols
A [mol m−2 Pa−1 s−1]
molar solution-diffusion membrane solvent permeability
B [m s−1] molar solution-diffusion membrane solute permeability

Image of Fig. 8
Image of Fig. 9
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C [mol m−3]
solute concentration
D [m2 s−1]
diffusion coefficient
h [m] height of solution in the half-cell
i [−] van't Hoff's solute dissociation factor
I [Pa s m−1]
membrane resistance to transmembrane volumetric solvent flux
(its reciprocal is the volumetric membrane solvent permeability)
J [m3 m−2 s−1], [m s−1] volumetric flux
k [m s−1] mass transfer coefficient
K [−] equilibrium partitioning coefficient
L [m] inner length of the half-cell (direction perpendicular

to the membrane)
m [kg] mass of solute
M [kg mol−1] molar mass
N [mol m−2 s−1] molar flux
P [Pa] hydrodynamic pressure
r2 [−] coefficient of determination of a regression line
R [m3 Pa K−1 mol−1] ideal gas constant
RR [−] solute rejection rate
S [m2] area
t [s] elapsed time
T [K] temperature
V [m3] volume
W [m] inner width of the half-cell (direction parallel

to the membrane)

Other symbols
L [m Pa−1 s−1]
volumetric Kedem-Katchalsky membrane solvent permeability

Sub- and superscripts
app apparent or effective
corrected value corrected for losses
diff diffused
f feed solution
l permeate-side membrane-liquid interface
loss amount lost
osm transferred by osmosis
s solute
u feed-side membrane-liquid interface
v solvent
^ molar property
^ average transmembrane value
~ value within the membrane
− value multiplied by iRT
± reference to the concentrated or dilute solutions/half-

cells
+ reference to the concentrated solution/half-cell
- reference to the dilute solution/half-cell
∞ infinite

Abbreviations
CP concentration polarization
DO direct osmosis
EXP experimental value
FO forward osmosis
ICP internal concentration polarization
NF nanofiltration
PRO pressure-retarded osmosis
RO reverse osmosis
SD solution-diffusion
SIM simulated value
TFC thin-film composite
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Appendix A. Expressions for a Kedem-Katchalsky membrane

In the Kedem-Katchalsky membrane transport model, solute and
solvent transports are coupled via the Staverman reflection coefficient
σ (0 ≤ σ ≤ 1) [9,13,19,43,44]. This parameter reflects the degree of semi-
permeability of a leakingmembrane, i.e., its propensity for transporting
across itself the solvent rather than the solute. The solvent and solute
fluxes in a purely concentration-driven operation read:

Jv ¼ −σL Cþ−C−� � ðA:1Þ

Ns ¼ ω Cþ−C−� �þ 1−σð ÞC ̂ Jv ðA:2Þ

where

L ¼ iRTL ðA:3Þ

and

ω ¼ iRTω ðA:4Þ

The solvent and solutemass balances for the dilute half-cell are [10]:

dV−

dt
¼ −σLS Cþ−C−� � ðA:5Þ

C− dV−

dt
þ V− dC−

dt
¼ ωS Cþ−C−

i
− 1−σð ÞC ̂σLS½Cþ−C−�

h
ðA:6Þ

From what it is possible to write [10]:

dC−

dV− ¼ −
ω
σL þ σC ̂þ ½C−−C ̂�
� �

1
V− ðA:7Þ

Considering that C ̂ is roughly constant and that C0−=0 [10]:

C− ¼ ω
L

� �
app

V−
0

V− −1
� �

ðA:8Þ

where

ω
L

� �
app

¼ ω
σL− 1−σð ÞC ̂
� �

ðA:9Þ

The subscript app stands for “apparent” or effective.
In comparison with the expressions for a solution-diffusion mem-

brane, two more parameters need to be known or determined in addi-

tion to the permeabilities: σ and C ̂. The latter is an approximation of C ̂
often took as the logarithmic mean of the solute concentrations on the
two membrane-liquid sides [13].
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Appendix B. Expressions for correcting volumes and concentrations
for losses

Considering that liquid losses by evaporation and during wiping of
the conductivity electrode are similar in both half-cells during the
osmotic-diffusive experiments, and assuming that losses due to possible
(but unlikely) leaks are equally distributed between the twomembrane
sides, the volume lost in a half-cell until time t may be written:

Vloss ¼
V−
0 þ Vþ

0−V−−Vþ

2
ðB:1Þ

m−
loss ¼ C−−C−

0

� �
VlossMs ðB:2Þ

By writing C−−C0
− instead of, for instance, [C−−C0

−]/2, a conserva-
tive estimate for mloss

− is obtained from Eq. (B.2). The volume and
concentration in the dilute half-cell corrected for losses may then be
written:

V−
corrected ¼ V− þ Vloss ðB:3Þ

C−
corrected ¼ C−V− þm−

lossM
−1
s

V− ðB:4Þ

The volume losses at the end of the experiments were below 5% of
the initial volume of the dilute half-cell in most cases, except for the ex-
periment B35B during which a leak was detected in the concentrated
half-cell (approximately 13% of the initial volume of the dilute half-
cell). The salt losses were 2 to 3 orders of magnitude lower than the
salt mass that diffused into the dilute compartment. The formulas
above are therefore presented for the sake of generality, and the correc-
tions for losses had only minor influence on the final permeability
values.
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