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We present a simple and rapid methodology to characterize the water and solute permeability
coefficients (A and B, respectively) and structural parameter (S) of forward osmosis (FO) membranes.
The methodology comprises a single FO experiment divided into four stages, each using a different
concentration of draw solution. The experimental water and reverse salt fluxes measured in each stage
are fitted to the corresponding FO transport equations by performing a least-squares non-linear
regression, using A, B, and S as regression parameters. Hand-cast thin-film composite (TFC) FO
membranes and commercial TFC FO, TFC reverse osmosis (RO), and cellulose acetate-based asymmetric
FO membranes are evaluated following this protocol. We compare the membrane properties obtained
with our FO-based methodology with those derived from existing protocols based on an RO experiment
followed by an FO experiment. For all membranes, the FO-based protocol gives more accurate predictions
of the water and salt fluxes than the existing method. The numerical robustness of the method and the
sensitivity of the regression parameters to random errors in the measured quantities are thoroughly
analyzed. The assessment shows that confidence in the accuracy of the determined membrane
parameters can be enhanced by simultaneously achieving close fitting of the predicted fluxes to
experimental measurements (i.e., high R2 values) and constant water to salt flux ratios in each stage.
Additionally, the existing and proposed approaches yield consistently dissimilar results for some of the
analyzed membranes, indicating a discrepancy that might be attributed to the different driving forces
utilized in RO and in FO that should be further investigated.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Forward osmosis (FO) utilizes the osmotic pressure difference
developed across a semi-permeable membrane separating two
solutions of different concentrations to drive the permeation of
water [1]. FO has shown promise in a variety of applications [1–7],
and it is also attracting attention as a potential technology to
augment water supplies using seawater [1,8,9] and wastewater
[10–12]. Where abundant and low value streams can be used
without the need for regeneration, such as seawater and waste-
water, FO can be employed to concentrate the feed solution
(osmotic concentration) or dilute the draw solution (osmotic
dilution) [13].

In recent years, a great deal of research has been directed at the
fabrication of FO membranes [7,14–29]. These efforts have resulted
in the development of substantially improved membranes tailored
for the specific needs of FO. In particular, thin-film composite (TFC)
ll rights reserved.

+1 203 432 4387.
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FO membranes, consisting of a salt-rejecting, active layer and a
porous support, have shown higher water fluxes, reduced salt
passage, and enhanced anti-fouling properties [22,29–31]. A con-
venient and consistent methodology to characterize FO mem-
branes is of critical importance to advance this technology onto its
mature phase, facilitating the sharing of data, their interpretation,
and comparison.

When describing membrane performance, the literature often
reports values of water fluxes, Jw, reverse solute fluxes, Js, the
resistance to solute diffusion in the membrane support layer, K, or
its inverse parameter, the mass transfer coefficient, k¼1/K [32].
However, these quantities are not intrinsic properties of the
membrane as they depend on the hydrodynamic conditions at
the membrane interface, the concentration and osmotic pressure
of the draw and feed solutions, and the type and diffusivity of the
solutes. This approach therefore lacks generality, as direct compar-
isons cannot be made unless the operating conditions are
identical.

An alternative approach, adopted for ‘tight’, salt-rejecting FO
membranes, is based on three intrinsic parameters that fully
describe membrane systems: the pure water permeability
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coefficient, A, and the solute permeability coefficient, B, which
describe the transport across the membrane active layer, and the
structural parameter, S, quantifying the mass transport length
scale across the membrane support layer. These three parameters
are univocal and can be used with the respective governing
equations to accurately predict the water and salt flux perfor-
mance of a membrane sample in any laboratory-scale FO system.
Therefore, the values of A, B, and S represent common yardsticks
for describing membrane intrinsic characteristics and offer a
universal set of criteria for comparing performance, regardless of
operating conditions.

The existing approaches to measure A, B, and S of an FO
membrane entail the use of at least two separate experiments.
Initially, the parameters related to the active layer (A and B) are
measured by applying a trans-membrane hydraulic pressure in
reverse osmosis (RO) mode experiments. Subsequently, the mem-
brane is tested using an osmotic driving force [7,15,17–29,33] to
determine the support layer structural parameter, S. Experiments
in the pressure retarded osmosis (PRO) configuration (draw solu-
tion facing the active side of the membrane) may also be
conducted to complement [17–19,21,24–27] or substitute [14]
measurements in FO configuration.

These protocols are cumbersome and laborious, requiring
multiple experiments in different experimental setups. Subjecting
FO membranes, intended for operation near ambient conditions, to
the high pressures typical of RO tests, can result in mechanical
damage to the membrane. Furthermore, current methodologies
combining RO and FO are based on the notion that transport
parameters are universally valid and transferable, an assumption
that warrants further examination in light of the fundamentally
different permeation driving forces in RO and FO: a hydraulic
pressure difference applied on the RO membrane active layer
versus the osmotic pressure difference across the membrane
active/support layer interface in FO. These fundamental differ-
ences may result in dissimilar observed transport parameters
between the RO and FO processes, a phenomenon also suggested
Fig. 1. Protocol of the single FO experiment. Experimental solutions and measured quant
stages of the experiment. Draw solution concentration (blue), cD, and feed solution conce
flux (green), Jw, and experimental reverse solute flux (purple), Js, are depicted as doub
The stages allow the calculation of A, B, and S. (For interpretation of the references to c
in recent studies [34]. It is therefore desirable to formulate a
methodology for FO membrane characterization that evaluates the
membrane performance under representative driving force and
operating conditions, and which, in addition, is both simple (i.e.,
based on a minimum number of experiments) and reliable.

In this study, we present a method to characterize the intrinsic
transport and structural properties of FO membranes in a single FO
experiment. By changing the concentration of the draw solution in
each stage of the experiment, a set of FO water flux and reverse
salt flux measurements are obtained. Membrane parameters are
determined through non-linear regression, where A, B, and S are
treated as adjustable parameters to fit the FO transport equations
to the experimental water and salt fluxes. To demonstrate the
generality of the method, we characterized four sets of mem-
branes exhibiting a wide range of transport and structural para-
meters. Our results raise questions about the reliability of current
membrane characterization protocols, and point towards further
investigations in transport processes in osmotically driven mem-
brane processes.
2. A single FO experiment to characterize osmotic membranes

A single and facile FO experiment is proposed to characterize
the intrinsic transport parameters, A and B, and the structural
parameter, S, of an FO membrane by measuring the water and
reverse solute flux across the membrane under different draw
solution concentrations. As depicted schematically in Fig. 1, the FO
experiment is divided into a discrete number of stages.
The influence of the adopted number of stages on the robustness
and accuracy of the methodology will be discussed in Section 5. In
our study, the experiments were carried out in four stages.

In the first stage of the experiment, a draw solution concentra-
tion cD,1 and a feed solution of deionized (DI) water were utilized
to measure the FO water flux, Jw,1, and the reverse solute flux, Js,1.
At the end of the first stage, a known volume of concentrated draw
ities are schematically represented as lines across the time scale for each of the four
ntration (red), cF, are represented as single lines in the top plot. Experimental water
le lines in the bottom plot. The four stages are separated by a vertical dotted line.
olor in this figure legend, the reader is referred to the web version of this article.)
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solution was added to increase the draw solution concentration
from cD,1 to cD,2. The osmotic pressure and salt concentration
difference across the membrane increased and, as a result, both
the FO water flux and the reverse solute flux augmented to reach
values Jw,2 and Js,2, respectively, in stage 2. A third and a fourth
stage were then performed in a similar fashion. Values of water
flux and reverse solute flux were experimentally measured at
every stage. For each stage, addition of solute to the draw solution
gives rise to an initial transient state before the solute concentra-
tion profiles on both sides of the membrane reach steady state.
Allowing the system to attain steady state is necessary before
reliable values of water and reverse salt fluxes can be recorded.
3. Determining the intrinsic transport and structural
properties of the membrane

3.1. Water and salt flux governing equations in FO

The mass transport across a membrane in FO can be expressed
in terms of the membrane characteristic properties, the hydro-
dynamics in the membrane flow cell, and experimentally acces-
sible parameters: the bulk solute concentration of the draw
solution, cD, feed solution concentration, cF, and the corresponding
osmotic pressures, πD and πF. The derivation of the FO water and
salt flux equations presented in Appendix A follows the approach
adopted to derive the governing equations in PRO in our previous
publication [35]. It should be noted that salt and draw solute are
used interchangeably in the manuscript. The derivation yields the
following expressions for the water flux, Jw, and the reverse salt
flux, Js, in FO:

Jw ¼ A
πD exp − JwS

D
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−πF exp
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where k is the feed solute mass transfer coefficient and D is the bulk
diffusion coefficient of the draw salt. The water permeability
coefficient, A, and salt permeability coefficient, B, are intrinsic
properties of the membrane active layer. The support layer structural
parameter, S, is defined as tsτ=ε, with ts being the thickness of the
support layer, τ its tortuosity, and ε its porosity. In these equations,
the terms expðJw=kÞ and expð−JwS=DÞ account for concentrative
external concentration polarization (ECP) and dilutive internal con-
centration polarization (ICP), respectively. The membrane character-
istic parameters can be determined numerically by solving a system
of equations if all the other variables, water and salt flux, feed
channel mass transfer coefficient, salt diffusivity, and concentrations
or osmotic pressures of the solutions, are known.

3.2. Calculating A, B, and S numerically by minimization of a global
error

We have developed an algorithm to calculate the membrane
parameters, A, B, and S, from experimental water and salt flux data.
By following the four stage procedure outlined in Section 2, eight
experimental measurements were collected during a single FO
experiment, namely Jw,i and Js,i, where i¼1, 2, 3, 4 denotes the
stage of the experiment (Fig. 1). The concentrations and corre-
sponding osmotic pressures of the draw and feed solutions at each
stage were also recorded. The FO transport Eqs. (1) and (2) were
fitted to the experimental fluxes by least-squares non-linear
fitting, using A, B, and S as regression parameters, and cD (πD)
and cF (πF) as independent experimental variables. D, the bulk
diffusion coefficient of aqueous NaCl, was treated as a known
parameter, its value being set to 1.48�10−9 m2/s [36]. The treat-
ment of k, the feed solute mass transfer coefficient, is discussed in
the following section.

The eight transport equations and three unknowns (A, B and S)
constitute an over-determined system of non-linear equations,
amenable for numerical solution by least-squares minimization of
the global error in the calculated fluxes relative to the experi-
mental values. Specifically, the global error, E, is defined as the
non-dimensional sum of the offsets in the water and salt fluxes

E¼ Ew þ Es ¼ ∑
n

i ¼ 1

JEXPw;i −J
CALC
w;i

J
EXP;n
w

 !2

þ ∑
n

i ¼ 1

JEXPs;i −JCALCs;i

J
EXP;n
s

 !2

ð3Þ

In this equation, n is the number of stages and had a value of
4 for the protocol described in this study, and the superscripts EXP
and CALC indicate experimental and calculated (from Eqs. (1) and

(2)) fluxes, respectively. The quantity J
EXP;n
w is the mean experi-

mental water flux over the four FO stages, i.e.,

J
EXP;n
w ¼ Σn

i ¼ 1J
EXP
w;i

� �
=n. The error at each stage was scaled by J

EXP;n
w ,

so that each term in Eq. (3) is weighed equally, avoiding spurious
biasing of the global error due to the different orders of magnitude
of JEXPw;i . The same scaling was performed for the error relative to
the salt fluxes.

Given that the water flux equation is an implicit function of
JCALCw;i , minimization of the objective function (Eq. (3)) is subject to
closure of Eq. (1). Mathematically, this implies that the minimiza-
tion must be subjected to the non-linear equality constraint
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for i¼1, …, n. Eq. (4) assumes that the effect of ECP is negligible (i.
e., expðJw=kÞ ¼ 1 in Eq. (1)). Justification of this assumption is given
in Section 3.3.

Three different initial estimates were used to initiate the
iterating calculations for A, B, and S. The first set contained values
that were smaller than the expected results, namely
0.1 L m−2 h−1 bar−1, 0.01 L m−2 h−1, and 50 mm for A, B, and S,
respectively. The third estimates had larger values of
5 L m−2h−1 bar−1, 1 L m−2 h−1, and 1000 mm for the three para-
meters. The second set of 1.5 L m−2 h−1 bar−1, 0.3 L m−2 h−1, and
300 mm consisted of values that were assumed to be closer to the
results. The algorithm is implemented to accept the solution
associated with the lowest E from the three possible solutions
related to each set of initial estimates.

The goodness of the fit was assessed by computing the
coefficient of determination, which for the water flux is given by

R2
w≡1−

SSerr;w
SSTOT ;w

¼ 1−
∑n

i ¼ 1ðJEXPw;i −J
CALC
w;i Þ2

∑n
i ¼ 1ðJEXPw;i −J

EXP;n
w Þ2

ð5Þ

where SSerr is the residual sum of squares, SSTOT is the total sum of
squares, and n is equal to the number of stages, i.e., n¼4 for the
protocol demonstrated here. The coefficient of determination for
the salt flux, R2

s , was calculated analogously.
The algorithm was implemented in two different proprietary

software packages: Microsoft Visual Basic within Microsoft Excel
(Microsoft Corporation, Redmond, WA) and Matlab (Mathworks
Inc., Natick, MA). The input parameters included the average draw
and feed solution concentrations in each stage, system tempera-
ture, salt diffusion coefficient in the bulk solution, measured water
and salt fluxes, and the initial guesses for the parameters to be
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calculated. Both codes find estimates of A, B, and S by minimizing
Eq. (3) subject to non-linear constraints (Eq. (4)). The two
packages used different methods for the convergence of the
numerical solutions: Microsoft Excel adopted the generalized
reduced gradient method with forward differencing [37], while
Matlab employed the sequential quadratic programming (SQP)
method. As shown in the Appendix, both implementations yield
identical results. Details on the theory underlying each of the
numerical methods may be found in standard numerical methods
textbooks [38]. In the Matlab implementation, convergence was
reached when the relative change in the value of the fitted
parameters between successive iterations was less than a toler-
ance, set here to 1�10−6, and the maximum constraint violation
was less than 1�10−5. More stringent tolerance values resulted in
identical results. The Excel spreadsheet and the Matlab file are
available for download, gratis for non-commercial use, from the
Supplementary material of the online version of this paper (http://
dx.doi.org/10.1016/j.memsci.2013.05.023).

3.3. Experimental and modeling assumptions

In the derivation of Eqs. (1) and (2), the membrane reflection
coefficient, s, was assumed to have a value of 1. That is, the
membrane has a dense selective layer that is able to maintain
virtually the entire osmotic pressure difference across it (i.e., s
approaches unity) [39]. Therefore, the proposed methodology is
only valid for tight salt-rejecting membranes.

In FO, the membrane support layer faces the draw solution.
Water permeating across the active layer dilutes the draw solution
in the support layer, resulting in dilutive ICP, the effect of which is
to decrease the net osmotic driving force. ICP is partially mitigated
by transport of solute from the draw solution into the membrane
support layer. However, solute transport within the support layer
occurs almost exclusively by diffusion, process dependent on D,
given that the support layer acts as an unstirred boundary layer
[40]. It is important to note that, while the draw solute diffusivity
is dependent on the local salt concentration—and therefore differs
across the membrane support layer—the mass transport model
from which Eqs. (1) and (2) were derived assumes a constant D
within the membrane support layer. This simplification is appro-
priate for the range of concentrations of the sodium chloride draw
solution considered in this work, namely 0.05–2.0 M. Over this
range, DNaCl varies by less than 3%, between 1.472 and
1.519�10−9 m2/s [36].

The osmotic pressure generated by the solute was assumed to
be related linearly to the solute concentration via the van’t Hoff
equation, π ¼ υcRgT , where υ is the number of ionic species each
solute molecule dissociates into, Rg is the ideal gas constant, and T
is the absolute temperature (Appendix A). Although the sodium
chloride draw solution deviates from ideal behavior at high
concentrations, this relation was applicable for the procedure
outlined here because the solute concentration at the support/
active layer interface was significantly lower than that of the bulk
solutions, due to the effects of ICP. For example, a 1.5 M NaCl draw
solution in FO yields a support/active layer interface concentration
of ∼0.3 and ∼0.6 M for hand-cast TFC membranes and commercial
asymmetric cellulose triacetate membranes, respectively [29].
The low solute concentration at the support/active layer
interface means that the solution will not depart considerably
from ideality.

From this assumption follows a linear relationship between the
experimental value of Jw/Js and the ratio A/B, namely
ðJw=JsÞ ¼ ðA=BÞυRgT [40]. Because this ratio only depends on intrin-
sic membrane active layer characteristics, A and B (in addition to υ
and T), it is always constant regardless of the concentrations in the
draw and feed solutions. The Jw/Js factor, termed the reverse flux
selectivity, can be regarded as a quality control parameter and its
near constancy is a necessary condition for the successful use of
the proposed methodology (see Sections 4.3 and 5.4).

Lastly, we assumed the detrimental effect of ECP on the active
side to be negligible. This assumption is validated trivially by the
negligible feed solution concentration throughout the experimen-
tal run (we use DI water as feed solution) and the very small
reverse draw salt flux, both of which render ECP ineffectual. In
addition, the approximation was justified by the hydrodynamic
conditions maintained at the stirred boundary layer on the feed
side, where typical values of the feed solution mass transfer
coefficient, k, far exceed the permeating water flux. Accordingly,
this assumption was embedded in the algorithms by imposing
k-∞, and, therefore, that the exponential term expðJw=kÞ appear-
ing in Eqs. (1) and (2) had a value of 1. We also assumed that ECP
in the draw solution is negligible because it is significantly lower
than ICP within the support layer.
4. Implementation of the proposed methodology

4.1. FO membranes

Both hand-cast TFC and commercial membranes were char-
acterized. Hand-cast TFC FO membranes were fabricated adapting
the procedure outlined in our previous publications [22,29].
Briefly, polysulfone (PSf, 9 wt%, Mn: 22,000 Da, Sigma-Aldrich, St.
Louis, MO) was dissolved in N-N-dimethylformamide (DMF, anhy-
drous, 99.8%, Sigma-Aldrich) by stirring at room temperature
(23 1C) for 6 h and then stored in a desiccator for at least 15 h
prior to casting. To begin casting the membrane, a commercial
polyester non-woven fabric (PET, Grade 3249, Ahlstrom, Helsinki,
Finland) was taped on a glass plate and was wet with 1-methyl-2-
pyrrolidinone (NMP, anhydrous, 99.5%, Sigma-Aldrich). The PSf
solution was then drawn down the PET fabric using a casting knife
(Gardco, Pompano Beach, FL) with an adjustable gate height fixed
at 375 μm (∼15 mils). The whole composite was immediately
immersed in a precipitation bath containing 3 wt% DMF in
deionized (DI) water at room temperature to initiate non-solvent
induced phase separation [41,42]. The support membrane
remained in the precipitation bath for 10 min before being
transferred to a DI water bath for storage until polyamide (PA)
formation. The PA active layer was formed on top of the hand-cast
PSf support layers via interfacial polymerization [22,29] between
1,3-phenylenediamine (MPD, 499%, Sigma-Aldrich) dissolved in
DI water at 3.4 wt% and 1,3,5-benzenetricarbonyl trichloride (TMC,
98%, Sigma-Aldrich) dissolved in Isopar G (Univar, Redmond, WA)
at 0.15 wt%. Following this reaction, the membrane was cured in DI
water at 951 C for 120 s, rinsed with a 200 ppm NaOCl aqueous
solution for 120 s, then soaked in a 1000 ppm NaHSO3 aqueous
solution for 30 s, before a final wet curing step at 951 C for 120 s.
After fabrication, the TFC membranes were rinsed thoroughly and
stored in DI water at 41 C.

Commercial asymmetric cellulose triacetate membranes were
acquired from Hydration Technology Innovations (Albany, OR)
(HTI-CTA, batch # 110610-ES-3). Thin-film composite seawater
reverse osmosis membranes (SW30, Dow Chemical Company,
Midland, MI) were also acquired and deployed. The PET fabric
layer on the support layer surface of these samples was removed
according to procedures described in our previous study [43];
these membrane samples are designated as “SW30 No PET”.
Additionally, prototype thin-film composite FO membranes were
obtained from Oasys Water (Oasys Water Inc., Boston, MA). All
membranes were thoroughly wet prior to the experiments by
immersing in 25% isopropanol solutions for 30 min. Three separate
samples for each membrane type were employed.
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4.2. FO setup and experimental conditions

FO water fluxes and reverse solute fluxes were determined in
an experimental cross-flow FO system described in our previous
studies [22,35]. The custom-built cell had an effective membrane
area of 20.02 cm2 on both sides of the membrane. The unit was
operated with co-current cross-flow without mesh spacers, and
variable speed gear pumps (Cole-Parmer, Vernon Hills, IL) were
used to circulate the solutions in closed loops at a cross-flow
velocity of 17.1 cm/s. A water bath (Neslab, Newington, NH) kept
the temperature of both feed and draw solutions constant at
2570.51 C. All characterization tests were conducted with the
membrane in FO configuration, i.e., porous support layer facing the
draw solution and active layer facing the feed solution. For FO
characterization tests, a stock 5 M NaCl solution was prepared
with sodium chloride (NaCl) from J.T. Baker (Phillipsburg, NJ), by
dissolving the appropriate amount of NaCl in DI water (Milli-Q,
Millipore, Billerica, MA).

In this study, NaCl was chosen as draw solute, because it fulfills
a number of critical criteria. Specifically, NaCl (i) is rejected to a
large extent (4 95%) by the membrane, (ii) is able to generate a
high osmotic pressure, (iii) does not deviate significantly from the
van’t Hoff equation, (iv) has nearly constant D over the range of
concentrations employed, and (v) is easily quantifiable in the feed
by conductivity measurements to determine Js.

In the beginning of the experiment, DI water was circulated on
both the draw and feed side to equilibrate the system temperature.
An appropriate volume of the NaCl stock solution was added to the
draw solution to obtain the desired concentration and initiate the
first stage. After attainment of steady state, the water flux, JEXPw;i ,
was determined by monitoring the rate of change in weight of the
draw solution, and the solute concentration in the feed was
measured at 1 min intervals with a calibrated conductivity meter
(Oakton Instruments, Vernon Hills, IL). Once the water flux had
stabilized, feed concentration and water flux data were logged for
at least 15 min. Appropriate amounts of the NaCl stock solution
were then dosed into the draw solution to commence the second
stage and data collection was performed again. The procedure was
repeated for the third and fourth stages. Tailored concentrations of
NaCl draw solutions were chosen for different types of membranes
since transport properties varied. Concentrations were selected to
obtain a significant range in the magnitude of water and solute
fluxes throughout the stages, while avoiding overly low or high
flux values. An appropriate range of fluxes is necessary to ensure
instrumental sensitivity during measurement and the validity of
the assumptions stated in Section 3.3. The salt concentrations of
the draw and feed solutions for all the characterization experi-
ments are presented in Table B1 of the Appendix.

NaCl reverse flux during stage i, JEXPs;i , was calculated from the
measured change of concentration in the feed, cF,i. An NaCl mole
balance in the feed solution yields

Js;i ¼
cF ;iðVF0;i−Jw;iAmtÞ−cF0;iVF0;i

Amt
ð6Þ

where cF,i is the feed solute concentration, VF0 is the initial volume
of the feed solution, Am is the membrane area, t is the time
elapsed, and cF0 is the initial NaCl concentration. Due to both the
permeation of water and the salt leakage, the concentration of the



A. Tiraferri et al. / Journal of Membrane Science 444 (2013) 523–538528
draw solution was diluted throughout the experiment. We used
suitably large volumes of draw and feed solution to avoid large
changes in osmotic pressure within each stage. The concentrations
and the volumes of both the draw and the feed solutions were
accurately monitored over the entire duration of the experiment.
The decrease in draw solution concentration between the start and
end of each stage, due to effect of water flux and reverse salt flux,
was less than 0.5%.

Membranes were also tested in a reverse osmosis (RO) setup
according to the procedure described in our previous publications
[22,29]. The following conditions were employed: overnight
compaction with DI water at 31.1 bar (450 psi) followed by
measurements of water flux and salt rejection at applied pressure
of 27.6 bar (400 psi), 50 mM NaCl feed solution, cross-flow of
21.4 cm/s, and temperature of 251 C.

4.3. Experimental results

The complete set of water and salt fluxes measured during the
experiments, together with the draw and feed solution concentra-
tions and osmotic pressures, are tabulated in Table B1 of the
Appendix. Fig. 2 presents the experimental results plotted as the
Jw/Js values against the bulk osmotic pressure difference between
the feed and the draw side. The latter was calculated from NaCl
concentrations using the van’t Hoff equation. The percent figure
beside each data series represents the coefficient of variation (CV)
calculated between the Jw/Js values of the different stages in each
experiment. Different draw solute concentrations were employed
for the various membrane types, due to their dissimilar perfor-
mance. The experimental results show that Jw/Js remains approxi-
mately constant throughout the stages of each experiment, as
expected from theory [40]. In all experiments, the CV was found to
be below 6%.

4.4. Calculated parameters

Table 1 summarizes the transport parameters and the related
coefficients of determination, calculated by the model for each
experiment. Only the results obtained using the Excel-based
algorithm are presented for conciseness. However, the Matlab-
based algorithm produced practically identical results, which are
reported in Table C1 of the Appendix. The largest deviation
between the same parameter calculated by the two algorithms
was found to be 0.66%, with the majority of values within 0.33%. A
noteworthy result was the ability of the algorithms to reach a
univocal solution regardless of the initial estimates for A, B, and S
and notwithstanding the different minimization algorithms
(results not shown in manuscript). In addition, all the simulations
Table 1
Summary of the transport parameters A, B, and S, calculated by the Excel-based er
determination, R2, for both water and salt fluxes are also reported. The averaged water
along with the corresponding coefficient of variation (CV).

Membrane type Sample A (L m−2 h−1 bar−1) B (L m−2 h−1)

Hand-cast TFC #A1 1.61 0.24
#A2 1.23 0.20
#A3 1.21 0.25

HTI-CTA #B1 1.22 1.35
#B2 1.17 1.00
#B3 1.63 1.73

SW30 No PET #C1 1.32 0.36
#C2 1.05 0.20
#C3 1.27 0.24

Oasys TFC #D1 3.69 1.19
#D2 3.37 1.14
#D3 4.26 1.26
yielded values of the coefficient of determination larger than 0.95
for both water and salt fluxes. In most cases, the R2 values were
larger than 0.99.

The projected water and salt fluxes of the membranes, based on
the characteristic parameters, A, B, and S, determined from the
regression, can be numerically calculated using Eqs. (1) and (2).
The values of the measured and calculated water and salt fluxes
are compared on a linear–linear plot in Fig. 3 (solid symbols). The
agreement between the model and experiments was good, as
demonstrated by the clustering of data near the dashed line
(slope¼1), which represents perfect agreement between experi-
mental data and model calculations. The equivalence among the
two separate algorithms, the robustness of the calculation with
respect to the initial parameter estimates, and the high coefficients
of determination suggest that the methodology is reliable and the
calculation codes well posed. Finally, we note how the calculated
values of A, B, and S, were similar for the different coupons of each
membrane type.
5. Robustness and reliability of the methodology

5.1. Comparison to current approach

It is important to make a comparison between the parameters
calculated using our method and those obtained by the current
approach, whereby membrane active layer properties are mea-
sured in an RO experiment and the structural parameter is
calculated using additional FO measurements. In this study, RO
experiments were performed on the same membrane coupons
after FO characterization to determine ARO and BRO fromwater flux
and salt rejection readings. These parameters were then applied to
Eq. (1) in combination with the water fluxes measured in the FO
experiments described earlier in the paper (Sections 2 and 4.2) in
order to calculate the membrane structural parameter, SRO+FO.

The values of ARO, BRO, and SRO+FO are summarized in Table 2
alongside the corresponding values determined using our FO
protocol. The values of SRO+FO presented in Table 2 are the average
results obtained by applying ARO and BRO in the four stages of each
respective FO experiment. Agreement between the active layer
properties determined by the two methods was generally poor.
The average discrepancy is approximately 46%, with the largest
deviation observed in the membrane salt permeabilities. This
difference in the active layer parameters inevitably translates to
deviations between the structural parameters obtained in the two
configurations. However, the calculated parameters from the RO-
FO methodology have relatively low standard deviations,
ror minimization algorithm for each FO experiment. The related coefficients of
flux to salt flux ratio (Jw/Js) of the four stages in each characterization is presented,

S (mm) R2 [Jw] R2 [Js] Average Jw/Js (L/mmol) CV (%)

400 0.998 0.996 0.339 2.05
328 0.994 0.990 0.317 3.57
395 0.992 0.997 0.237 3.84
481 0.997 0.976 0.044 5.52
473 0.994 0.992 0.056 5.44
541 0.989 0.993 0.046 4.10

1620 0.963 0.982 0.184 5.43
1540 0.994 0.983 0.265 2.23
1510 0.996 0.994 0.265 2.54
424 0.992 0.989 0.158 5.28
589 0.998 0.997 0.144 3.48
526 0.996 0.993 0.164 4.84



Table 2
Summary of the transport and structural parameters, A, B, and S, for the two different characterization protocols. On the left are the results obtained from the FO
methodology and Excel-based calculations presented in this study. On the right, we report the transport parameters of the active layer, ARO and BRO, as measured by RO
experiments and the structural parameter, SRO+FO, determined using ARO and BRO with FO water flux data. Individual experimental values, as well as the averages and
standard deviations, for each membrane type are presented.

Membrane type Sample FO method RO+FO

A
(L m−2 h−1 bar−1)

B
(L m−2 h−1)

S
(mm)

(A/B)FO
(bar−1)

ARO

(L m−2 h−1 bar−1)
BRO

(L m−2 h−1)
SRO+FO
(mm)

(A/B)RO
(bar−1)

ðA=BÞFO
ðA=BÞRO
(%)

Hand-cast TFC #A1 1.61 0.24 400 6.85 1.58 0.11 347 14.38 47.6
#A2 1.23 0.20 328 6.28 1.63 0.10 383 16.28 38.6
#A3 1.21 0.25 395 4.80 1.30 0.09 379 15.14 31.7
Avg. 1.3570.23 0.2370.03 374740 5.9871.06 1.5070.18 0.1070.01 370720 15.2770.6 39.378.0

HTI-CTA #B1 1.22 1.35 481 0.90 0.97 1.04 342 0.94 96.1
#B2 1.17 1.00 473 1.17 0.99 1.24 349 0.80 146.4
#B3 1.63 1.73 541 0.94 0.94 1.19 286 0.79 119.5
Avg. 1.3470.25 1.3670.37 498737 1.0170.14 0.9770.03 1.1670.11 326735 0.8470.08 120.7725.2

SW30 No PET #C1 1.32 0.36 1620 3.66 2.31 0.24 1820 9.47 38.6
#C2 1.05 0.20 1540 5.33 2.49 0.22 1980 11.38 46.9
#C3 1.27 0.24 1510 5.31 2.38 0.22 1750 10.77 49.3
Avg. 1.2170.14 0.2770.09 1560757 4.7770.96 2.3970.09 0.2370.01 18507117 10.5470.97 44.975.6

Oasys TFC #D1 3.69 1.19 424 3.10 3.43 0.50 346 6.84 45.4
#D2 3.37 1.14 589 2.96 3.30 0.46 527 7.22 41.0
#D3 4.26 1.26 526 3.38 3.58 0.45 428 7.89 42.8
Avg. 3.7770.45 1.2070.06 513783 3.1570.22 3.4470.14 0.4770.03 434791 7.3170.53 43.172.2
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Fig. 3. A comparison of the modeled data using the FO-only methodology proposed here and the existing RO–FO protocol, for the water fluxes (top row) and salt fluxes
(bottom row) of the investigated membranes. The “FO Method” modeled data were obtained from the FO transport Eqs. (1) and (2) in conjunction with the values of A, B, and
S calculated by the algorithm (solid symbols). The “RO+FO” modeled data were obtained using A and B determined in RO and S subsequently calculated in FO (open symbols).
The plots show data for (A–E) Hand-cast TFC, (B–F) HTI-CTA, (C–G) SW30 No PET, and (D–H) Oasys TFC membranes. The dash line (slope¼1) represents perfect agreement
between experimental data and calculations.
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indicating that, similar to the FO protocol, it is capable of obtaining
consistent and distinct results.

Using the calculated ARO, BRO, and SRO+FO values, the water and
salt fluxes were determined with governing Eqs. (1) and (2), and
plotted in Fig. 3 (open symbols) to compare between the mea-
sured and predicted fluxes. Overall, membrane parameters derived
using the RO-FO method gave poorer prediction of the water and
salt fluxes, compared to the FO-only approach proposed here
(solid symbols). This is evident from the fluxes calculated with
ARO, BRO, and SRO+FO falling further away from the 451 dashed line
representing perfect agreement between experimental data and
model calculations. The deviation of the calculated values was
especially pronounced for the reverse salt fluxes, where the higher
reverse flux selectivity (A/B) determined for TFC membranes using
the RO-FO method (Table 2) resulted in predicted salt fluxes that
are significantly lower than the experimental FO values (Fig. 3(E),
(G), and (H)).

The accuracy of the membrane parameters obtained by the two
methods can be more clearly contrasted by using governing
Eqs. (1) and (2) with the parameter values in Table 2 to predict
fluxes as a function of the bulk osmotic pressure difference for
Hand-cast TFC #A1 and Oasys TFC #D1 (Fig. 4(A) and (B),
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Fig. 4. Water and salt fluxes of (A) Hand-cast TFC #A1 and (B) Oasys TFC #D1 as a function of the bulk osmotic pressure difference between feed and draw solutions.
Predicted Jw and Js were obtained using governing Eqs. 1 and 2 with the calculated parameters in Table 2. Solid lines represent fluxes calculated with the parameters
determined from the FO methodology, while dashed lines indicate fluxes predicted by values from the RO-FO protocol. Blue and red lines depict Jw and Js, respectively,
while the symbols indicate experimental FO fluxes (tabulated in Appendix B). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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respectively). The solid lines represent the fluxes calculated with
the parameters determined from the FO methodology, while
dashed lines indicate fluxes predicted by A, B, and S values from
the RO-FO protocol. Blue and red lines depict Jw and Js, respec-
tively, while the symbols indicate experimental FO fluxes. For both
membranes, the RO-FO calculated parameters over-predicted
water fluxes (solid lines) and grossly under-predicted reverse salt
fluxes (dashed lines). On the other hand, membrane parameters
determined by the FO protocol yielded fluxes that are in close
agreement with experimental data. These discrepancies highlight
the inadequacy of the conventional method to accurately describe
and predict the water flux performance and reverse draw salt
leakage of membranes in forward osmosis processes.

5.2. The observed discrepancy requires further analysis

A noteworthy trend emerged upon examining the calculated
A/B ratios, a parameter quantifying the permeability–selectivity of
the membrane active layer (Table 2). For the three TFC membranes
tested (Hand-cast, Oasys, and SW30), A/B determined using the FO
protocol was always lower (31−49%) than A/B determined in RO.
The asymmetric HTI-CTA membrane, however, did not follow the
same tendency. Instead, we saw an opposite behavior where the
A/B ratios in FO are slightly higher than those in RO. The distinct
and consistent trend observed for all three polyamide TFC mem-
branes, but not the integrally skinned cellulose triacetate mem-
brane, coupled with the relative consistency of the calculated
parameters with both characterization methods, strongly suggests
that this discrepancy is not coincidental or due to erroneous
calculations in either methods, but may instead be due to changes
in active layer properties or transport mechanism within this layer
between RO and FO.

A detailed discussion on the cause of the discrepancy between
the parameters measured by our FO methodology and those
obtained in RO-FO experiments is beyond the scope of this
study. Nonetheless, we postulate that the observed discrepancies
might be related to the difference in driving force between FO,
which is driven by an osmotic gradient, and RO, where an applied
hydraulic pressure drives mass transfer. Compaction in RO due to
applied hydraulic pressure has been shown to increase the A/B
ratio in several types of TFC membranes [44]. A recent study found
the salt flux of two types of TFC membranes decreased under
hydraulic pressure while the water flux remained relatively con-
stant [34]. Under the same conditions, no significant changes were
observed with an integrally skinned cellulose triacetate mem-
brane. Other work has also reported disagreement between
recorded values of the A/B ratio (or the equivalent Jw/Js ratio)
obtained in FO and in RO experiments [45,46]. The difference in
membrane performance reported in past studies suggests that the
driving force has certain influence on mass transport across the
membrane active layer, and plausibly explains the discrepancies
observed here. However, this is only one hypothesis and further
investigations on the phenomenon are necessary.

5.3. Influence of the number of stages

The least-squares non-linear regression method presented here
utilizes an over-determined system of equations to calculate the
membrane properties in FO. Hence, to determine the three
characteristic parameters, A, B, and S, four or more flux measure-
ments are needed. That is, the shortest possible experiment would
involve two stages to record two pairs of water and reverse salt
fluxes. Performing the membrane characterization over a greater
number of stages would enhance the accuracy of the results, as
inevitable experimental errors are averaged out by a larger
dataset. However, experiment brevity is sacrificed when doing
so. Here, we carry out a systematic analysis of the influence of the
number of stages on the goodness of fit and accuracy of membrane
parameters calculated by the proposed method.

Full details of the analytical approach are presented in
Appendix D. Briefly, hypothetical characterization experiments
were performed on a model membrane of known properties
(i.e., water and salt permeability, and structural parameter). To
simulate uncertainty in experimental measurements, errors ran-
ging from 0 to 15% were deliberately introduced to the water and
reverse salt flux readings. The simulated fluxes (offset by random
errors), along with the corresponding draw and feed solution
osmotic pressures and concentrations, were input into the Excel
algorithm described in Section 3 to determine the membrane
parameters A, B, and S that best fit the simulated Jw and Js
“measurements”. The deviation of the calculated parameters from
the true membrane values represents an assessment of the
robustness of the method to unavoidable random experimental
errors.
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In actual experiments, the extent of imprecision in the flux
readings would be blind to the investigator. Instead, the coeffi-
cients of determination (Eq. (5)), an indicator of the goodness of
fit, are the most readily available alternative to gauge data quality.
The calculated membrane properties of the simulated character-
ization experiments were normalized (i.e., divided by the true
value) and presented in Fig. 5(A–C) as a function of R2 for both
water and reverse salt flux (blue cross and red plus symbols,
respectively). That is, each data point represents the calculated A,
B, or S and the corresponding Rw

2 and Rs
2 from the regression.

Fig. 5(A)–(C) shows the results of the characterizations carried out
in two, three, and four stages, respectively. As the number of
stages in the characterization protocol increases, two trends were
noted. First, the symbols gradually spread to the left (i.e., lower
coefficients of determination) to indicate relatively poorer fits and,
second, the data points cluster towards the normalized value of
one (horizontal dashed line). Both these observations were antici-
pated. The coefficients of determination were lower as good
fittings are progressively more difficult with the same magnitude
of error in a greater number of flux measurements. But with more
stages, the intentionally induced experimental errors were aver-
aged out by the greater sample size (from four Jw and Js values in
the two-stage experiments to eight measurements when charac-
terizations were performed in four stages), leading to the calcu-
lated parameters to be closer to the true membrane properties.

To evaluate the suitability of the coefficient of determination as
a criterion to screen for poor membrane property predictions due
to substandard flux data, the normalized error of the calculated
parameters (defined as |parametertrue – parametersimulated|/
parametertrue) were plotted as a function of the coefficients of
determination, for simulated characterizations carried out in two,
three, and four stages (Fig. 5(D)–(F), respectively). The horizontal
axis in Fig. 5(D–F) denotes the cutoff range for the coefficients of
determination of both water and salt fluxes. The percentage
indicated above each group of membrane parameters (water
permeability, salt permeability, and structural parameter desig-
nated by blue, red, and green patterned bars, respectively) repre-
sents the fraction of the entire sample with both Rw

2 and Rs
2

greater than the cutoff value indicated in the horizontal axis, while
the normalized error presented is the average of the each filtered
sample subset. For instance, in characterization experiments with
three stages, defining the benchmark as both Rw

2 and Rs
2 having to

be greater than 0.95 results in average normalized error of 11.0%,
11.6%, and 13.8% for A, B, and S, respectively (Fig. 5(E)).

Regardless of the number of stages, the magnitudes of error are
very similar for water permeability, salt permeability, and struc-
tural parameter, indicating the characterization protocol is not
lopsidedly biased towards any of the membrane properties in the
calculations. Within each characterization, the error in the calcu-
lated parameter decreases as the coefficient of determination
requirement is raised, while the portion of sample population
meeting the cutoff drops. Thus, setting a stricter requirement for
the coefficients of determination, an indicator of water and reverse
salt flux measurement quality, eliminates the weaker data and
minimizes the likelihood of the calculated properties deviating
exceedingly from the actual values. As the number of stages
increases, the calculated membrane parameters fall closer to the
true values for the same coefficient of determination benchmark,
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but the fraction of the sample population fulfilling the criteria is
also reduced. That is, by increasing the number of stages, good fits
(high R2) are achieved only with flux measurements with small
experimental errors, but the parameter predictions are more likely
to be closer to the actual value of the membrane. Note that
characterizations performed in two stages yielded relatively poor
accuracies, even when the strictest constraint was imposed (Fig. 5
(D), ∼15% error for both Rw

2 and Rs
240.99). This reveals the

inherent inability of a two-stage experiment, where just four flux
measurements are used to determine the three membrane para-
meters, to cope with experimental uncertainties.

The actual characterizations of the hand-cast TFC membranes
and the commercial HTI-CTA, SW30 No PET, and Oasys TFC
membranes, as discussed in Section 4.4 and presented in Table 1,
yielded coefficients of determination between 0.963 and 0.998,
with a mean of 0.991. Based on the above analysis, the excellent
fitting of the predicted fluxes to the experimental water and salt
flux measurements signifies the calculated membrane parameters
are, on average, less than 3.5% from their true values (Fig. 5(F)).
This reinforces the reliability of the proposed methodology to
determine the intrinsic transport and structural properties of
forward osmosis membranes accurately. A reasonable deviation
of ∼12% from the true membrane values was achieved by having
both Rw

2 and Rs
2 greater than 0.95 in the 3-stage characterization

(Fig. 5(E)). This suggests that a briefer experiment with three
stages may be adequate to determine the membrane properties if
the exactness of the calculated parameters is not a high priority.
5.4. Influence of the consistency in experimental Jw/Js throughout
the stages

The reverse flux selectivity, the ratio of water flux to reverse salt
flux, is a constant factor that is solely dependent on the intrinsic
membrane active layer characteristics, A and B, for the solution
concentrations used in this study (Section 3.3). Hence, fluctuations in
the Jw/Js ratio between the stages of the characterization protocol can
serve as another indicator for data quality. The calculated membrane
parameters are normalized by the true values and plotted in Fig. 6
(A) as a function of the coefficient of variation of Jw/Js (CV, defined as
the standard deviation divided by the arithmetic mean) for the
analysis performed in Section 5.3. Only the results for characteriza-
tions carried out in four stages are presented.
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Fig. 6. Summary of the influence of the constancy in Jw/Js on the methodology outcome,
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of this article.)
As the CV of Jw/Js approaches zero, the normalized parameters
converge towards unity (horizontal dashed line), signifying the
membrane properties are more accurately predicted. This is due to
the higher data quality expected at lower CVs. Fig. 6(B) shows the
average normalized errors of the calculated water permeability, salt
permeability, and structural parameter (blue, red, and green pat-
terned bars, respectively) when the CV of the Jw/Js ratio within the
four stages falls in the range indicated. The influence of the CV of Jw/Js
on the eventual water and salt flux goodness of fit is also presented
as 1−R2 in Fig. 6(B) (violet and orange patterned bars for Jw and Js,
respectively). The percentage indicated above each group of columns
represents the fraction of the entire sample that meets the CV
criterion. Constancy of the reverse flux selectivity between the
characterization stages gives not only better prediction of membrane
parameters, but also enhances the fit of the calculated fluxes to the
experimental readings. For example, when the coefficient of variation
is less than 10%, the calculated parameters deviate, on average, 10.8%
from the true values and the coefficient of determination for both Jw
and Js is greater than 0.975. Similar trends were observed in the
analysis of the two- and three-stage characterizations. Therefore, the
CV of Jw/Js can be employed as a prerequisite for screening data
reliability—conspicuous fluctuations would suggest large experimen-
tal errors beyond the tolerance of the algorithm.

The CVs of Jw/Js determined for the hand-cast TFC membranes and
the commercial HTI-CTA, SW30 No PET, and Oasys TFC membranes
range from 2.05 to 5.52% (Fig. 2 and Table 1). Based on the CV analysis,
the deviation of the calculated parameters to their true values is
approximately 7% (Fig. 6(B)). The accuracy of the predictions, again,
underscores the reliability of the proposed methodology to character-
ize forward osmosis membranes correctly. Additionally, the high Rw

2

and Rs
2 of the four membrane types (average of 0.991, Table 1) are in

good agreement with the coefficients of determination of ∼0.992
predicted by the analysis. This further emphasizes the validity of the
utilizing the CVs of Jw/Js as a pre-condition for screening data integrity.
5.5. Outlook and recommendations

Analysis of the robustness and sensitivity of the proposed
methodology suggests that a first requirement for its implementa-
tion is a consistent experimental value of Jw/Js between the various
stages of each FO experiment. From our experience, careful
experiments can ensure that the CV of the Jw/Js values lies below
3%. We recommend a CV within 10% to confidently continue the
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Fig. 7. 3-D surface plot of the normalized parameter error as a function of the
coefficients of determination, Rw2 and Rs

2, and of the coefficient of variation (CV) of
Jw/Js for the four-stage characterization simulation described in Appendix D.
The parameter error presented is the averaged normalized deviation of A, B, and
S from their “true” values for the samples that simultaneously meet the corre-
sponding requirement for the coefficients of determination Rw

2 and Rs
2 (left

horizontal axis) and for the coefficient of variation (right horizontal axis). Grid
lines (gray) and contour lines (white) are included to guide the eyes.
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analysis. When this number is higher than 15%, the calculated
membrane parameters may deviate significantly from their true
values. A second control for the reliability of the results can be
identified in the coefficients of determination for both water and
salt flux. We recommend that both R2 values be higher than 0.95.
When one or both fall below 0.9, results should be taken
cautiously.

Fig. 7 shows a surface plot of the average normalized parameter
error as a function of the coefficients of determination (of water and
salt fluxes) and the coefficient of variation (of Jw/Js values) for the
four-stage characterization simulation discussed in Appendix D and
Sections 5.3 and 5.4. An examination of the figure shows that
attaining good CV and R2 values concurrently is essential to minimize
errors in the determined parameters. Meeting the dual conditions of
CV of Jw/Js lesser than 10% and both Rw

2 and Rs
2 greater 0.95 will

likely yield calculated parameters that are off by 10% or lower from
their true values. Application of these two experimental and model-
ing checks is, therefore, necessary to achieve a reliable solution and
to ensure high quality data. For this reason, results obtained by this
method must always be accompanied by the reporting of all three
values of: (i) the number of stages employed in the experiment, (ii)
the observed CV between the Jw/Js ratios measured in the various
stages, and (iii) the coefficients of determination calculated by the
non-linear fitting procedure.
6. Concluding remarks

A simple protocol for characterization of the transport and
structural parameters of FO membranes is presented, consisting of
a single FO experiment divided into a number of stages, each utilizing
a different draw solution concentration. The complete equations
governing mass transport in FO are presented and used in combina-
tion with experimental measurements to determine the target
parameters by an error minimization algorithm. The advantage of
the proposed protocol, compared to the existing method comprising
an RO experiment followed by FO, is demonstrated by the enhanced
fitting of the predicted water and salt fluxes to the measured values
for the four membrane types evaluated in this study. Thorough
analysis indicates that the deviation of the calculated parameters
from their true values is likely to be less than 3.5%, further reinforcing
the robustness of the protocol.

Notably, the values of membrane parameters obtained by the FO
method were systematically different than those obtained by char-
acterizing the same membranes using the existing approach. For all
TFC membranes, the A/B ratio measured by the FO methodology
presented here was considerably lower (consistently between 30 and
50%) than that determined by RO experiments. This observation casts
doubt on the theoretical notion that membrane parameters are
conserved in pressure- and osmotically-driven configurations.
Regardless of the exact reasons for this disagreement, the difference
in calculated membrane parameters and the greater prediction
accuracy of the methodology presented here indicate that FO
membranes should be characterized only by means of FO experi-
ments. The development and the adoption of a standard and reliable
characterization method for FO membranes are an important step to
homogenize the results across different labs and to facilitate data
exchange and interpretation.
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Appendix A. Derivation of the mass transport equations in FO

A schematic of the salt concentration profile across a semi-
permeable membrane operating in FO mode is shown below. Due
to the detrimental effects of internal concentration polarization (ICP)
within the porous support, reverse salt permeation across the
membrane, and external concentration polarization (ECP) in the feed
solution, the osmotic driving force is lower than the osmotic pressure
difference between the bulk draw and feed solutions.

The water flux, Jw, across the active layer is given by [42]

Jw ¼ AðΔπmÞ ðA1Þ
where Δπm is the effective osmotic pressure difference across the
active layer. This expression assumes that the reflection coeffi-
cient, s, is equal to 1 and is therefore valid only for tight, salt-
rejecting membranes.

The reverse salt flux, Js, across active layer is expressed by [40]

−Js ¼ −BðcD;m−cF ;mÞ ðA2Þ



Table B1
Complete set of FO experimental results.

Membrane type Membrane sample Stage cD (mM) cF (mM) Jw (L m−2 h−1) Js (mmol m−2 h−1) Jw/Js (L mol−1) CV (%)

Hand-Cast TFC #A1 1 255 0.14 9.6 28.7 334 2.05
2 341 0.19 11.5 33.6 341
3 465 0.28 13.5 38.8 348
4 642 0.34 15.5 46.5 333

#A2 1 258 0.07 9.4 28.9 326 3.57
2 420 0.13 12.1 37.0 326
3 623 0.19 14.9 47.8 312
4 844 0.27 17.3 57.2 303

#A3 1 329 0.10 9.3 40.9 228 3.84
2 489 0.18 12.3 49.3 249
3 689 0.26 14.0 60.2 233
4 911 0.35 16.3 68.2 238

HTI-CTA #B1 1 304 0.10 8.0 195.3 41 5.52
2 577 0.34 11.3 259.5 44
3 916 0.70 14.1 302.0 47
4 1517 1.21 17.9 399.8 45

#B2 1 302 0.11 7.7 145.8 53 5.44
2 502 0.30 10.4 188.7 55
3 852 0.54 13.6 241.7 56
4 1461 0.95 17.7 294.1 60

#B3 1 325 0.19 9.2 205.0 45 4.10
2 565 0.44 11.6 260.0 45
3 891 0.72 14.6 315.4 46
4 1454 1.09 18.3 373.8 49

SW30 No PET #C1 1 404 0.07 5.4 27.8 193 5.43
2 682 0.14 6.3 33.9 185
3 1002 0.19 7.3 39.0 187
4 1581 0.29 7.9 46.7 170

#C2 1 404 0.22 5.1 18.8 269 2.23
2 688 0.28 6.0 22.5 268
3 1013 0.33 6.9 25.6 268
4 1582 0.39 8.0 31.1 257

#C3 1 405 0.18 5.3 20.6 259 2.54
2 691 0.25 6.7 24.7 271
3 1029 0.32 7.6 28.0 270
4 1582 0.50 8.5 32.9 259

Oasys TFC #D1 1 137 0.09 11.2 66.8 167 5.28
2 272 0.20 14.5 92.9 156
3 576 0.36 20.0 125.8 159
4 1060 0.62 24.9 169.0 147

#D2 1 174 0.10 9.2 67.4 137 3.48
2 324 0.24 12.4 85.8 145
3 644 0.38 16.5 112.3 147
4 1191 0.58 20.4 137.4 148

#D3 1 154 0.05 10.2 65.7 155 4.84
2 298 0.15 14.0 86.5 162
3 607 0.30 18.8 113.6 166
4 1084 0.50 23.2 133.2 174
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As water permeates across the membrane, it dilutes the
draw solution in the support layer, resulting in dilutive internal
concentration polarization, ICP [32]. Diffusion works to restore
this local concentration to the bulk draw solution concentra-
tion, but it is hindered by the porous support, which acts as an
unstirred boundary layer. The salt flux across the
porous support is the sum of the diffusive component, driven
by the salt concentration gradient, and the convective compo-
nent, arising from the permeation of water through the
membrane

−Js ¼ −DS dcðxÞ
dx

þ JwcðxÞ ðA3Þ

where Ds is the effective diffusion coefficient of the draw solute
in the porous support. The latter can be related to the bulk
diffusion coefficient, D, by accounting for the porosity, ε, and
tortuosity, τ, of the support layer, i.e., Ds¼Dε/τ [40].
At steady-state, the salt fluxes across the active (Eq. (A2)) and
support (Eq. (A3)) layers are equal:

dcðxÞ
dx

−
Jw
DS cðxÞ ¼

B

DS ðcD;m−cF ;mÞ ðA4Þ

Integrating Eq. (A4) across the support layer thickness, from the
porous layer draw solution interface, x¼0, where the salt con-
centration is cD,s, to the porous layer-active layer interface, x¼−ts,
where the salt concentration is cD,m (Fig. 1), yields

cD;m ¼ cD;S exp −
JwS
D

� �
þ B

Jw
ðcD;m−cF ;mÞ exp −

JwS
D

� �
−1

� �
ðA5Þ

where S¼tsτ/ε is the support layer structural parameter [32]. Eq.
(A5) indicates that the salt concentration at the active-support
interface, cD,m, is the sum of two terms. The effect of dilutive ICP is
described by the first term on the right-hand side. The second
term accounts for the decrease in salt concentration at the



Table C1
Complete set of calculated parameters using both algorithms (Excel and Matlab).

Membrane type Sample Microsoft Excel (Visual Basic) Mathworks Matlab Deviation

A (L m−2 h−1 bar−1) B (L m−2 h−1) S (mm) R2 [Jw] R2 [Js] A (L m−2 h−1 bar−1) B (L m−2 h−1) S (mm) R2 [Jw] R2 [Js] A (%) B (%) S (%)

Hand-cast TFC #A1 1.61 0.235 400 0.998 0.996 1.60 0.234 398 0.998 0.996 0.52 0.43 0.38
#A2 1.23 0.196 328 0.994 0.990 1.23 0.195 327 0.994 0.990 0.18 0.34 0.32
#A3 1.21 0.252 395 0.992 0.997 1.21 0.252 394 0.992 0.997 0.24 0.12 0.21

HTI-CTA #B1 1.22 1.35 481 0.997 0.976 1.21 1.35 480 0.997 0.976 0.66 0.27 0.21
#B2 1.17 1.00 473 0.994 0.992 1.16 1.00 472 0.994 0.991 0.56 0.22 0.22
#B3 1.63 1.73 541 0.989 0.993 1.63 1.72 540 0.989 0.993 0.20 0.53 0.17

SW30 No PET #C1 1.32 0.361 1620 0.963 0.982 1.31 0.359 1619 0.962 0.983 0.62 0.43 0.03
#C2 1.05 0.197 1540 0.994 0.983 1.04 0.196 1533 0.994 0.984 0.66 0.51 0.43
#C3 1.27 0.239 1510 0.996 0.994 1.27 0.238 1503 0.996 0.994 0.02 0.41 0.48

Oasys TFC #D1 3.69 1.19 424 0.992 0.989 3.68 1.19 423 0.992 0.989 0.39 0.44 0.16
#D2 3.37 1.14 589 0.998 0.997 3.37 1.14 589 0.999 0.997 0.11 0.16 0.06
#D3 4.26 1.26 526 0.996 0.993 4.24 1.25 524 0.996 0.993 0.43 0.57 0.31

Table D1
Water permeability, A, salt permeability, B, and structural parameter, S, assigned to
the model membrane employed in this analysis.

Water permeability, A
(L m−2 h−1 bar−1)

Salt permeability, B
(L m−2 h−1)

Structural
parameter, S (μm)

1.23 0.196 328

Table D2
Salt concentrations, c, and osmotic pressures, π, of the draw and feed solutions at
the three stages of the characterization experiment, and the corresponding “true”
water flux, Jw, and reverse salt flux, Js.

Stage cD (mM) πD (bar) cF (mM) πF (bar) Jw (L m−2 h−1) Js (mmol m−2 h−1)

1 258 12.78 0.07 0.00 8.92 28.7
2 420 20.81 0.13 0.01 12.01 38.6
3 623 30.87 0.19 0.01 14.90 47.9
4 844 41.82 0.27 0.01 17.35 55.8
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membrane interface due to the reverse permeation of draw
solution salt into the active layer.

As water permeates across the membrane, the feed solutes are
selectively retained by the semi-permeable active layer and build
up within the boundary layer at the active side, resulting in
concentrative ECP. Similar to ICP, the salt flux within this ECP
boundary layer comprises diffusive and convective components

−Js ¼ −D
dcðzÞ
dz

þ JwcðzÞ ðA6Þ

At steady-state, the salt flux within the ECP boundary layer (Eq.
(A6)) is equal to the salt flux across the active layer (Eq. (A2)).
Integrating the resulting equation across the ECP boundary layer
from the active layer, z¼0, where the salt concentration is cF,m, to
the bulk draw solution, z¼−δ, where the salt concentration is cF,b,
yields

cF ;m ¼ cF ;b exp
Jw
k

� �
−

B
Jw

ðcD;m−cF;mÞ 1−exp
Jw
k

� �� �
ðA7Þ

where k¼D/δ is the boundary layer mass transfer coefficient.
Inspecting Eq. (A7) reveals that cF,m is dependent on two terms.
The first term describes the bulk feed concentration, cF,b, corrected
for concentrative ECP by the factor exp(Jw/k), while the second
term represents the increase in salt concentration due to draw
solute leakage across the active layer.

Both cD,m and cF,m are local interfacial concentrations on either
side of the active layer interface and therefore are not experimen-
tally accessible. To circumvent this, we subtract Eq. (A5) from Eq.
(A7) and rearrange to obtain

cD;m−cF ;m ¼
cD;S exp − JwS

D

� �
−cF;b exp

Jw
k

� �
1þ ðB=JwÞ exp Jw

k

� �
−exp − JwS

D

� �h i ðA8Þ

Next, we assume that the osmotic pressure is linearly
proportional to the salt concentration; i.e., the van’t Hoff
equation is applicable. Hence, the effective osmotic driving
force, Δπm, is proportional to Δcm¼cD,m−cF,m (Eq. (A8)). In the
analysis, we also assume that ECP in the draw solution is
negligible because the support layer thickness is relatively large,
thereby dominating concentration polarization, i.e., πD;S≅πD;b .
Substituting Δπm into Eq. (A1) yields an expression for the water
flux in FO

Jw ¼ A
πD;b exp − JwS

D

� �
−πF;b exp

Jw
k

� �
1þ B

Jw
exp Jw

k

� �
−exp − JwS

D

� �h i
8<
:

9=
; ðA9Þ
Substituting Δcm into Eq. (A2) yields an expression for the
reverse salt flux in FO

Js ¼ B
cD;b exp − JwS

D

� �
−cF ;b exp

Jw
k

� �
1þ B

Jw
exp Jw

k

� �
−exp − JwS

D

� �h i
8<
:

9=
; ðA10Þ

These equations utilize experimentally accessible parameters
and incorporate the performance-limiting phenomena of ICP and
ECP as well as salt leakage across the membrane.
Appendix B

See Table B1 for complete set of FO experimental results.
Appendix C

See Table C1 for complete set of calculated parameters using
both algorithms (Excel and Matlab).
Appendix D. Protocol to evaluate the robustness of the
proposed methodology

The membrane characterization experiments entail measure-
ment of the water and salt fluxes, and the draw and feed solution



Table D3
An example of the uncertainty deliberately introduced in the flux measurements.
Here, the root-mean-square of the error introduced to the water fluxes, Jw, and salt
fluxes, Js, works out to be 2.5%.

True Offset Relative
difference

Jw
(L m−2 h−1)

Js
(mmol m−2 h−1)

Jw
(L m−2 h−1)

Js
(mmol m−2 h−1)

Jw (%) Js (%)

8.92 28.7 9.04 28.1 1.37 −2.17
12.01 38.6 11.64 37.9 −3.06 −1.77
14.90 47.9 15.03 46.3 0.87 −3.43
17.35 55.8 16.81 57.4 −3.14 2.92
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concentrations. To probe the robustness of the methodology to
inevitable measurement uncertainties, errors in water and salt flux
measurements were deliberately introduced to the characterization
of a model membrane. The calculated A, B, and S values, using the
simulated flux readings (i.e., those in which random errors were
deliberately introduced), were compared to the actual membrane
parameters to examine the effect of random measurement errors.

Typical water permeability, salt permeability, and structural
parameter values of a high performance polyamide TFC membrane
(indicated in Table D1) were considered as the “true” values during
the assessment of the effect of random errors in the flux measure-
ments. Salt concentrations representative of a typical character-
ization experiment were chosen for the draw and feed solution at
each stage. The water and salt fluxes at each stage were deter-
mined using the “true” membrane characteristic parameters and
the governing equations (Eqs. (1) and (2)) for Jw and Js. These “true”
water and salt fluxes are shown in Table D2 for a four-stage
characterization experiment, together with the draw and feed
solution concentrations and osmotic pressures.

To simulate experimental uncertainty, measurement errors
were systematically introduced to the water and salt flux values.
Deviations of the eight Jw and Js readings from the true values of
the four stage experiment were randomly generated using a
computer algorithm. The overall error introduced to the experi-
ment was calculated by taking the root-mean-square of the
relative differences (defined as the difference between the erro-
neous flux and the true flux, divided by the true value). An
example of the offset fluxes is presented in Table D3 using the
true water and salt fluxes determined above. In this illustration,
the measurement error is 2.5%, calculated from the root-mean-
square of the eight Jw and Js relative differences.

The offset “experimental” values of water and salt fluxes,
together with the concentrations and osmotic pressures in Table
D2, were then input into the Excel code described in Section 3 to
determine the combination of membrane parameters A, B, and S
which best fits the data. The coefficients of determination, R2, for
both water and salt fluxes, and the coefficient of variation of Jw/Js
over the four stages were also calculated. For example, the above
offset flux values would yield A¼1.16 L m−2 h−1 bar−1,
B¼0.187 L m−2 h−1, and S¼321 μm.

To examine the effect of the magnitude of measurement uncer-
tainty on the calculated membrane parameters, root-mean-square
errors ranging from 0 to 15%, in 0.1% intervals, were introduced to the
Jw and Js values to yield 151 hypothetical experimental runs.
When creating the “experimental” fluxes, the randomly generated
errors can potentially skew the average towards higher or lower
fluxes. To eliminate this potential bias, a mirror-image of the dataset
was added. That is, another 151 hypothetical experimental runs
were added to the population, with same magnitude of error
as in the initial 151 samples, but with opposite sign. This ensures
that the arithmetic means of the water and salt fluxes of the total
302 samples were exactly equal to the true Jw and Js values
and any positive or negative bias of the relative difference was
eliminated.

The analytical exercise described here was repeated for hypothe-
tical characterization experiments consisting of two and three stages,
using the same model membrane parameters. The results are pre-
sented in Section 5.3, and the influence of the number of stages on the
accuracy of the proposed methodology is discussed. Section 5.4 looks
at how fluctuations in the water flux to reverse salt flux ratio between
stages of the characterization protocol influence the accuracy of the
membrane properties predictions. In Section 5.5, we draw on these
findings to recommend the range of experimental uncertainties the
proposed methodology can tolerate while still yielding reasonably
accurate membrane parameter calculations.
Appendix E. Supporting information

The Excel spreadsheet and the Matlab file described in
Section 3.2 to calculate the membrane properties are available
for download, gratis for non-commercial use, from the Supple-
mentary materials of the online version at http://dx.doi.org/10.
1016/j.memsci.2013.05.023. Instruction on using the files can be
found online at http://www.yale.edu/env/elimelech/Research_-
Page/FO_characterization.html.
Nomenclature

A water permeability coefficient of the membrane
active layer

Am membrane area
ARO water permeability coefficient measured in RO

experiments
B solute permeability coefficient of the membrane

active layer
BRO solute permeability coefficient measured in RO

experiments
c solute concentration
Δc solute concentration difference
CV coefficient of variation
D bulk solute diffusion coefficient
DS effective solute diffusion coefficient in the mem-

brane support layer ¼Dε=τ
E global error from the least-squared minimization

procedure
i stage number: i¼1, 2, 3, 4
J flux
J average flux
k mass transfer coefficient
K resistance to solute diffusion in the membrane

support layer
R coefficient of determination
Rg gas constant
S structural parameter of the membrane

support layer
SROþFO structural parameter obtained by current approach

comprising an RO experiment followed by an FO
experiment

SSerr residual sum of squares
SSTOT total sum of squares
t time
T absolute temperature
ta thickness of the membrane active layer
ts thickness of the membrane support layer
V volume

dx.doi.org/10.1016/j.memsci.2013.05.023
dx.doi.org/10.1016/j.memsci.2013.05.023
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x coordinate within the height of the draw solution
channel

z coordinate within the membrane thickness

Greek symbols

δ thickness of the feed solution boundary layer
ε porosity of the membrane support layer
π osmotic pressure
Δπ osmotic pressure difference
s reflection coefficient
τ tortuosity of the membrane support layer
υ total number of species

Superscripts

CALC calculated by least-squared minimization
procedure

EXP measured experimentally
n total number of stages

Subscripts

0 initial condition
b solution bulk
D draw solution
F feed solution
i stage number
m membrane active layer interface
s solute species
S membrane support layer interface
w water species
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