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’ INTRODUCTION

Osmotically driven membrane processes (ODMP), such as
forward osmosis (FO), pressure retarded osmosis (PRO), and
osmotic dilution, are an emerging class of technologies that may
be used for water treatment1,2 and for sustainable energy
generation.3,4 FO technology has demonstrated unique abilities
to treat highly impaired water sources5�9 as well as to desalinate
seawater and brackish water.10,11 The versatility of ODMP is
partly due to their lower irreversible fouling propensity12�14 and
to the spontaneity of mass transport that eliminates the need for
operation with high hydraulic pressure.1

Recent research to improve ODMP led to the development of
new membranes with unique support structures that reduce the
mass transfer limitations imposed by internal concentration
polarization15�18 and the exploration of novel draw solutions
to enable treatment of highly saline feed streams.10 However,
fundamental problems related to the bidirectional transport of
solutes through ODMPmembranes require additional investiga-
tion to further improve the processes. Reverse permeation of
solutes from the draw solution through the membrane into the

feed stream, in the opposite direction of the water flux, decreases
the driving force for water permeation and may necessitate
replenishment of the draw solution. Likewise, permeation of
feed solutes through the membrane into the draw solution may
negatively impact the performance of the downstream process.
This may be especially acute when sparingly soluble salts
accumulate and precipitate in systems that employ a closed-loop
draw solution reconcentration process.

Previous studies5,19�24 examined the transport of solutes in
FO. These studies identified the reverse permeation of draw
solution solutes as a potential obstacle for future process design
and implementation. Two recent studies19,25 found that the
specific reverse flux (the inverse of reverse flux selectivity20)
through a cellulose triacetate (CTA) membrane into deionized
water feed can vary by an order of magnitude between different
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ABSTRACT: Osmotically driven membrane processes (ODMP) are emerging
water treatment and energy conversion technologies. In this work, we investi-
gated the simultaneous forward and reverse (i.e., bidirectional) solute fluxes that
occur in ODMP. Numerous experiments were conducted using ternary systems
(i.e., systems containing three distinct ions) and quaternary systems (i.e., systems
containing four distinct ions) in conjunction with a membrane in a forward
osmosis orientation. Ten different combinations of strong electrolyte salts
constitute the ternary systems; common anion systems studied included KCl-
NaCl, KBr-NaBr, KNO3-NaNO3, KCl-CaCl2, and KCl-SrCl2; and common
cation systems explored were KCl-KH2PO4, NaCl-NaClO4, NaCl-Na2SO4,
NaCl-NaNO3, and CaCl2-Ca(NO3)2. For each combination, two experiments
were conducted with each salt being used once in the draw solution and once in the feed solution. Quaternary systems studied were
NaCl-KNO3, NaCl-MgSO4, MgSO4-KNO3, and NaCl-K2SO4. Experimental fluxes of the individual ions were quantified and
compared to a set of equations developed to predict bidirectional electrolyte permeation for ODMP in a forward osmosis
orientation. Results demonstrate that ion fluxes from the draw solution to the feed solution are well predicted; however, ion fluxes
from the feed solution to the draw solution show slight deviations from the model that can be rationalized in terms of the
electrostatic interactions between charged ions. The model poorly predicts the flux of nitrate containing solutions; however, several
unique mass transfer mechanisms are observed with implications for ODMP process design.



10643 dx.doi.org/10.1021/es202608y |Environ. Sci. Technol. 2011, 45, 10642–10651

Environmental Science & Technology ARTICLE

draw solutions. A recent study20 derived a model to predict the
rate of reverse permeation of strong electrolytes (e.g., NaCl), and
related the reverse flux selectivity of the membrane to the
membrane electrolyte and solvent (water) permeabilities.

In another recent study19 we explored the bidirectional
transport of solutes through membranes in FO. Solutes were
observed to diffuse at different rates based primarily on the size
of the hydrated molecule. Ions that form larger hydration shells
(e.g., barium, magnesium, calcium) exhibited lower fluxes com-
pared to ions with smaller hydration shells (e.g., potassium,
sodium, ammonium).26 During all experiments, ions were ob-
served to diffuse at rates that maintained electroneutrality, and
Donnan effects27 were also observed. For example, in one set of
experiments, a feed stream consisting of BaNO3 was used. The
highly mobile nitrate ion was able to permeate through the
membrane at a substantially faster rate than barium. In this case,
chloride from the NaCl draw solution was observed to permeate
at a greater rate relative to sodium to maintain the electroneu-
trality of the solutions.

The objective of this study was to develop a comprehensive
understanding of bidirecitonal solute permeation through the
membrane during FO. Specifically, the potential impact of
electrostatic interactions on the bidirectional permeation of ions
through the membrane was explored using a combination of
bench-scale experiments and phenomenological modeling. A
series of ternary ion experiments with an inorganic electrolyte
dissolved in the feed solution and another distinct electrolyte, but
one which shares a common anion or cation, dissolved in the
draw solution were conducted, and the flux of each ion was
measured. The measured ion fluxes were compared to a model
developed for electrolyte permeation in the absence of interac-
tions between the draw solution and feed solution ions. Devia-
tions between the model and experimental results were
reconciled in terms of the electrostatic interactions that occur

between charged ions from the feed and draw solutions. A limited
number of quaternary ion systems were explored to investigate
what aspects of the model could be extended to higher order
systems. Implications of the results for the design and operation
of ODMPs are discussed.

’THEORETICAL BACKGROUND

Forward and Reverse Fluxes of Noninteracting Electro-
lytes. In this study we are exploring how electrostatic interac-
tions between ions can influence their forward and reverse
permeation in FO. To begin, we derive expressions for the
electrolyte fluxes, ignoring the electrostatic interactions between
the constituent ions. Please note that we use the term electrolyte
to refer to the parent salt that when dissolved in solution forms
ions. A schematic of an asymmetric membrane operating in FO
mode is shown in Figure 1.
The permeation of an electrolyte from the draw solution into

the feed solution (Figure 1a) and an electrolyte from the feed
solution into the draw solution (Figure 1b) requires their
transport across three distinct regions: the external boundary
layer, the dense active layer, and the porous support layer.
Transport of electrolytes in the support layer and boundary layer
occurs by both diffusion and convection, but only diffusion
controls electrolyte transport through the active layer — con-
sistent with the solution-diffusion transport mechanism.28,29

By writingmass balances on each of the layers and equating the
electrolyte fluxes at the interfaces between the layers, expressions
for the electrolyte fluxes in the absence of electrostatic interac-
tions can be derived (eqs 1 and 2). The details of these
derivations were previously reported30 and are provided in the
SI. Here we present the final results for the draw solution
electrolyte and feed solution electrolyte fluxes, J1 and J2, respec-
tively

J1 ¼ JwB1ðcF, b1 expðPeF1 þ PeD1 Þ � cD, b1 Þ
ðB1 expðPeF1Þ þ JwÞ expðPeD1 Þ � B1

ð1Þ

J2 ¼ JwB2ðcF, b2 expðPeF2 þ PeD2 Þ � cD, b2 Þ
ðB2 expðPeF2Þ þ JwÞ expðPeD2 Þ � B2

ð2Þ

where Jw is the superficial fluid velocity (which is equivalent to
the water flux), B1 is the electrolyte permeability coefficient, c1

F,b is
the concentration of draw solution electrolyte in the bulk feed
solution, and c1

D,b is the concentration of draw solution electrolyte
in the bulk draw solution. Pe1

F and Pe1
D are the Peclet numbers of

the draw solution electrolyte in the external boundary layer and
the support layer, respectively. These Peclet numbers quantify
the relative importance of convective transport to diffusive
transport in each layer and are defined as Pe1

F � Jw/k for the
external boundary layer, where k is the feed side mass transfer
coefficient, and Pe1

D � (Jwtsτ)/(DDSε) for the support layer,
where DDS is the bulk binary diffusion coefficient of the draw
solution electrolyte and water, ts is the support layer thickness, τ
its tortuosity, and ε its porosity. All the variables have the same
meaning in eq 2 but are now defined for the feed solution
electrolyte instead of the draw solution electrolyte.
Equations 1 and 2 can be used to predict the reverse and

forward electrolyte fluxes, respectively, in the absence of inter-
actions between feed and draw solution electrolytes and will be
used as a reference for comparison. Note that the electrolyte
permeability and diffusion coefficients in these equations refer to

Figure 1. Schematics of concentration profiles for (a) the draw solution
electrolyte and (b) the feed solution electrolyte. Local coordinates x and
z are established with respect to the forward water flux (Jw). Both
electrolytes are transported down their concentration gradient resulting
in a net reverse flux of draw solution electrolyte, J1, and a net forward flux
of feed solution electrolyte, J2. Electrolytes must be transported across
the external concentration polarization layer, active layer, and porous
support layer with thickness δ, ta, and ts, respectively. Subscripts are used
to denote either the draw solution electrolyte (1) or feed solution
electrolyte (2). Superscripts represent the concentration of these ions at
specific locations along their concentration profile, where F and D
correspond to the feed and draw solution sides of the active layer, and b,
i, and a correspond to the bulk solution, interface, or active layer,
respectively.
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those measured for a single electrolyte where the fact that the
electrolyte forms multiple ions when dissolved in solution has
been ignored.20 By doing so, the electrostatic interactions
between the ions are ignored and electroneutrality is implicitly
assumed. Below we consider these interactions more explicitly.
Effects of Electrostatic Interactions on Ion Permeation. In

FO, ions from the feed and draw electrolytes will be present at
appreciable concentrations within the dense active layer of the
membrane. Therefore, it is important to understand how these ions
are transported across the active layer and how they may interact
with each other. Explicitly, considering that electrolytes form ions
within the active layer of the membrane is particularly interesting.
Our prior work with an NaCl draw solution and a deionized water
feed solution demonstrated that the NaCl flux is linearly propor-
tional to the NaCl concentration difference across the active layer.20

This result implies that the sodium and chloride permeate the active
layer as charged ions and not an ion pair.31Despite the evidence that
ions permeate the active layer as two separate entities, their transport
could be described by a single transport coefficient.20,28

A Single Transport Coefficient Describes the Permeation
of a Binary System. Dissolved solutes are transported through
the dense active layer of the FO membrane by the solution-
diffusion mechanism.28 In this mechanism, the diffusing solute,
which in the case of a dissolved electrolyte is the constituent
cations and anions, must first partition into the active layer phase
before diffusing across it. The partitioning of the cation and anion
can be quantified using a Henry’s-law-like constant, by assuming
equilibrium at the active layer-aqueous solution interface

μai ¼ μsi ð3Þ
where μi is the chemical potential of species i, and the superscripts
represent the phase: (a) active layer and (s) solution. The index of
species i represents the specific ion in solution: 1 is an ion in the
draw solution, 2 is an ion in the feed solution, and 3 is the
counterion, which for ternary systems will be the common ion
found in both the feed and draw solutions. For the binary case of a
single 1:1 electrolyte, eq 3 can be written for each ion as follows

μa01 þ RT ln ca1 þ z1Fϕ
a ¼ μs01 þ RT ln cs1 þ z1Fϕ

s

ð4aÞ

μa03 þ RT ln ca3 þ z3Fϕ
a ¼ μs03 þ RT ln cs3 þ z3Fϕ

s

ð4bÞ
whereμi

0 is a reference chemical potential, ci is the concentration of
species i, zi is the valence, F is the Faraday constant, R is the ideal
gas constant, T is the absolute temperature, and ϕ is the electro-
static potential. Adding eqs 4a and 4b, rearranging, and using the
fact that for a 1:1 electrolyte c1 = c3 = c yields

ca

cs
¼ ffiffiffiffiffiffiffiffiffiffiffi

H1H3
p ¼ H1=3 ð5Þ

where c is the electrolyte concentration, and Hi, the partition
coefficient for the individual species i, is equal to

Hi ¼ exp
Δμ0i
RT

 !
ð6Þ

Therefore, the partition coefficient for the electrolyte (i.e., the
coupled anion and cation), H1/3, is the geometric average of the
partition coefficient for each ion.29

The extended Nernst�Planck equation can be used to de-
monstrate that the electrostatic coupling between the oppositely
charged ions allows their motion to be described by a single
diffusion coefficient. The flux of a charged species i defined by the
extended Nernst�Planck equation is29

� Ji ¼ Di ∇ci þ zici
F
RT

∇ϕ
� �

ð7Þ

where Ji is the flux of species i, and Di is the diffusion coefficient
in the active layer. Additionally, the system must maintain electro-
neutrality, thus ∑icizi = 0, and because there is no applied potential,
the current, I, is equal to 0 (i.e., I = ∑iziJi = 0). This system of
equations can be used to show that the diffusion coefficient of the
1:1 electrolyte in the active layer, D1/3, is equal to the harmonic
average of the ionic diffusion coefficients, D1 and D3

Js ¼ J1 ¼ J3 ¼ � 2D1D3

D1 þ D3

� �
∇c ¼ �D1=3∇c ð8Þ

Equation 8 can be integrated over the active layer thickness, ta. Then,
using eq 5, the concentration difference can be written in terms of
the electrolyte concentration in solution to yield the following
expression for the flux across the active layer

Jas ¼ D1=3H1=3

ta
Δc ¼ B1=3Δc ð9Þ

The group of terms D1/3H1/3/ta is more commonly measured and
reported as the electrolyte permeability coefficient,B1/3 (i.e.,B1 used
in eq 1). Thus, a single coefficient can be used to quantify the flux of
a binary (i.e., anion and cation) system.29

Electrostatic Interactions Have a Small Effect on the
Permeation of Ternary Systems. The electrostatic coupling
between anion and cation of the binary system, which allows that
system to be described by a single transport coefficient, may affect
ion permeation in FO processes when ions from the feed solution
interact with ions from the draw solution. We now consider a
ternary system consisting of three ions with a common anion or
cation in the feed and draw solution (e.g., an NaCl draw solution
and a KCl feed or an NaCl draw solution and an NaClO4 feed). A
ternary system is used because analytical solutions do not exist for
higher order systems. Multicomponent partitioning effects in
ternary systems have been studied for cellulose acetatemembranes
designed for RO operations.32 In general, the observed effects
were small. One important conclusion from these studies was that
at operational pHs cellulose acetate membranes contain negligible
fixed charged groups. Therefore, charges contained within the
membrane will not have an observable effect on ion partitioning.33

The Nernst�Planck equation, the electroneutrality con-
straint, and I = 0 are once again the starting points for deriving
the transport coefficients. This system leads to29

� Ji ¼ Dij∇cj ð10aÞ

Dij ¼

D1 þ D1z21c1ðD3 �D1Þ

∑
3

k¼ 1
Dkz2kck

D1z1z2c1ðD3 �D2Þ

∑
3

k¼ 1
Dkz2kck

D2z1z2c2ðD3 �D1Þ

∑
3

k¼ 1
Dkz2kck

D2 þ D2z22c2ðD3 �D2Þ

∑
3

k¼ 1
Dkz2kck

2
6666666664

3
7777777775

ð10bÞ
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where the diffusion coefficients Dij quantify the proportionality
between the flux of species i and the concentration gradient of
species j. Equation 10b is written as a 2 � 2 matrix because the
flux of the common ion (species 3) can be determined from the
flux of the ion in the draw solution, J1, the flux of the ion in the
feed solution, J2, and the fact that I = 0. By itself, eq 10b does not
provide any clear physical insight into the bidirectional permea-
tion of ions in FO. Therefore, it is helpful to consider what occurs
when c1 . c2, a pertinent condition in FO where the draw
solution concentration is much greater than the feed concentra-
tion. Under this condition, eq 10b reduces to

Dij ¼
ðjz1j þ jz3jÞD1D3

jz1jD1 þ jz3jD3
¼ D1=3

D1z2ðD3 �D2Þ
jz1jD1 þ jz3jD3

0 D2

2
6664

3
7775
ð11Þ

This provides much more physical insight into the transport of
ions in FO. The cross-term D21, which quantifies how much the
flux of species 2 (the feed solution ion) is influenced by the
gradient of species 1 (the draw solution ion), goes to 0. There-
fore, the concentration gradient of the draw ion should not affect
the flux of the feed ion, although the draw solution concentration
must be high enough that the limit c1 . c2 is satisfied. The term
D22 reduces to D2 (i.e., the ionic diffusion coefficient of species
2), which implies that because there is excess of the common
counterion (species 3) present, species 2 is able to permeate
through the active layer at a rate independent of species 1 and 3.
The ability of species 2 to permeate independently may produce
some noticeable variations in its flux that can be observed during
experiments; however, the difference between the ionic diffusion
coefficients, D2 and D3, is often negligible and any variations are
likely to be small.
The diffusion coefficients for species 1 also yield interesting

values under this condition (c1 . c2). The cross-term D12 is
nonzero because species 1 adjusts its permeation rate to allow
species 2 to permeate at its independent rate, while still main-
taining electroneutrality. The main term coefficient,D11, reduces
to D1/3, which is equal to the weighted average of the ionic
diffusion coefficients of ions 1 and 3 (i.e., eq 8). Examining the
relative magnitudes ofD12rc2 andD11rc1, it is easily shown that
D11rc1 will dominate the flux of species 1. Therefore, the
electrostatic coupling between ions from the feed and draw
solutions will have little effect on the flux of ions from the draw
solution.

’MATERIAL AND METHODS

Model Inorganic Salts.Thirteen ACS grade salts were used in
this study: NaCl (Sigma-Aldrich/Fluka, Buchs, Switzerland);
SrCl2 and NaClO4 (Sigma-Aldrich, St. Louis, MO); KH2PO4,
KNO3, Ca(NO3)2, and NaNO3 (Fisher Scientific, El Monte,
CA); Na2SO4, MgSO4, NaBr, KCl, and CaCl2 (Mallinckrodt
Chemicals, Phillipsburg, NJ); and KBr (Spectrum Chemical
Products, Gardena, CA). Ternary and quaternary ion experi-
ments were conducted to explore the bidirectional fluxes of
dissolved salts. Both ternary and quaternary experiments were
conducted with a 1 M draw solution concentration and 0.05 M
feed solution concentration, with the exception of a few experi-
ments that are explicitly defined in the Results and Discussion
section in which the concentrations were different.

Bench-Scale SystemDesign.A bench-scale testing apparatus
similar to that described in a previous publication19 was em-
ployed for this study. The testing cell was constructed with
symmetric flow chambers, each containing two 575 mm � 48
mm � 1.6 mm (L � W � H) channels separated by a gasket.
Draw and feed solutions were circulated cocurrently through the
chambers at a flow rate of 2 L/min. A programmable logic control
system was developed to maintain constant experimental condi-
tions (i.e., feed volume of 3 L, draw solution concentration, and
system temperature of 20 �C) and to collect experimental data.
Details about the design and operation of the system are
provided elsewhere.30

Sampling and Analytical Methods. Samples of the feed and
draw solutions were collected at the beginning of each experi-
ment and after 1 and 2 L of water permeated through the FO
membrane. Diluted samples were analyzed with ion chromatog-
raphy (IC) (ICS-90, Dionex, Sunnyvale, CA) and inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
(Optima 5300, Perkin-Elmer, Fremont, CA) to determine the
concentration of anions and cations, respectively. Anion con-
centrations analyzed with IC were measured in duplicate with a
typical relative standard deviation of 2.2%. Cation concentrations
analyzed with ICP-AES were measured in triplicate with a typical
relative standard deviation of 1.8%.
The mass of draw solution ions in the feed stream was

recorded as a function of time and normalized by the membrane
area to determine the reverse flux of draw solution ions. An
identical process was followed to measure the forward flux of the
feed solution ion.
Forward Osmosis Membrane Characterization. The mem-

brane used for this study (Hydration Technology Innovations,
Albany, OR) is similar to the CTA membranes used in previous
studies.19,20 The membrane is believed to be composed of
a cellulose triacetate layer with an embedded woven support
mesh.1,34 Membrane integrity tests, using a 1 M NaCl draw
solution and a Milli-Q deionized water feed, were routinely
performed to ensure that membrane performance (i.e., water flux
and reverse NaCl salt flux) were consistent between experiments.
The membrane was replaced if either water or reverse NaCl salt
flux deviated more than 5% from their established baseline
values. The average water flux and reverse NaCl salt flux over
26 integrity tests were 10.2( 0.35 L/m2

3 hr and 127( 9 mmol/
m2

3 hr, respectively.
Pure water permeability (A) and the membrane structural

parameter (S � tsτ/ε) were measured in FO mode (i.e., draw
solution facing the support layer and no applied hydraulic
pressure) using the method reported in a previous publication.8

Water flux was measured at three different draw solution con-
centrations (0.5, 1.0, and 1.5MNaCl) with deionized water feed.
Thermophysical modeling software (OLI Analyzer v3.0, OLI
Systems Incorporated, Morris Plains, NJ) was employed to
calculate the osmotic pressure of the draw solutions to account
for the nonideality of concentrated solutions.
Two samples of the same commercial membrane were used

during these experiments. The different samples had slightly
different transport characteristics. The pure water permeability
and structural parameter of Membrane I were determined to be
0.44 ( 0.04 L/m2

3 hr 3 bar (1.36 � 10�12 ( 9.80 � 10�14 m/
Pa 3 s) and 439 ( 26 μm, respectively. Membrane II was more
permeable but had a higher structural parameter (A = 0.52 (
0.02 L/m2

3 hr 3 bar (1.45� 10�12 ( 4.90� 10�14 m/Pa 3 s) and
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S = 559( 42 μm). These variations are similar to those observed
in the published literature for this membrane.20,34

Additional experiments were conducted in PRO mode (i.e.,
draw solution facing the active layer and no applied hydraulic
pressure) to determine the permeability coefficient (B) for
various electrolytes using the method reported in a previous
publication.20 In each experiment, the draw solution concentra-
tion of electrolyte was 1 M and the feed was deionized water.
Samples were drawn at predetermined times throughout each
experiment and analyzed with IC and ICP-AES. The flux of ions
into the feed was calculated using the method reported above.

’RESULTS AND DISCUSSION

Membrane Performance Parameters. Permeability coeffi-
cients, B, for the various electrolytes used in this study were
determined from PRO mode experiments and are reported in
Table 1. The electrolyte diffusion coefficient in water,29 observed
water flux, mass transfer coefficient,35 andmolar flux of the cation
used in this calculation are also summarized in Table 1 (molar
flux of the anions are provided in the SI). The rate that salts with
similar cations permeate through the membrane correlates with
their anion. Permeabilities were highest for perchlorate contain-
ing salts, and incrementally decreased in the order of nitrate,
bromine, chloride, dihydrogen phosphate, and sulfate containing
salts. Empirically, this follows a similar trend as the Hofmeister
series.36�38

A trend in the permeability coefficients for the electrolytes
with similar anions can also be seen in Table 1. Salts containing
divalent cations diffuse more slowly than salts with similar anions
that contain monovalent cations. Among monovalent cations,
diffusion rates are consistently greater for salts containing
potassium instead of sodium. This behavior is in accordance
with previous observations19,25,29,39 and indicates that a smaller
hydration radius correlates to faster permeation through the
membrane.

Model Validation of ExperimentalWater Flux. Experiments
were conducted in FO mode to measure the water flux and
bidirectional flux of ions. Ten combinations of salts were used in
18 different experiments. Measured water fluxes from these
experiments were compared to predicted values from existing
models34,40,41 (Figure 2). In many cases, the water flux was under
predicted but was within 10% of perfect agreement. Predicted
water flux values were used in eqs 1 and 2 to calculate the forward
and reverse flux of electrolytes a priori.
Ion Permeation in Common Anion Systems. Experiments

were performed using ternary systems that share a common
anion in the feed and draw solutions. The experimentally
determined ion fluxes are compared to the predicted fluxes
calculated from eqs 1 and 2. One of the goals of this work is to
explore the impact of electrostatic interactions on the bidirec-
tional flux of ions in ODMP; thus, the predicted cation fluxes
were calculated using the electrolyte permeability coefficients
in Table 1. The model used has already been validated for single
salt systems,20 meaning any significant deviations between the
predicted and experimental ion fluxes are indicative of differences
that arise from the presence of another ion. The predicted
anion fluxes can be found by taking the sum of the predicted
cation fluxes.
The predicted and measured fluxes are compared on log�log

plots in Figure 3a and b, where the systems have been separated
by the relative mobility of the draw electrolyte based on the
permeability coefficients, B. Results from experiments with the
more mobile cation in the draw solution are shown in Figure 3a,
and results from common anion experiments with the more
mobile cation in the feed solution are shown in Figure 3b. Water
flux, cation and anion fluxes, and experimental error data for all
the systems studied are provided in the SI.
The molar fluxes of ions from the draw solution into the feed

solution are clustered in the top right region of both panels
(Figure 3a and b). As expected, these fluxes are higher than the

Table 1. Water and Cation Fluxes Measured during PRO Mode Experiments and Characteristic Transport Coefficientsa

salt DDS
45 (10‑9 m2/s) Jw (10

‑6 m/s) k (10‑5 m/s) cation flux (mmol/m2
3 hr) B (10‑8 m/s)

Membrane I

NaClO4 1.53 3.14 1.17 1297.8 ( 21.7 49.92

NaNO3 1.56 3.52 1.19 420.5 ( 10.1 16.28

Ca(NO3)2 1.29 5.18 1.05 74.5 ( 1.5 5.04

KBr 2.02 4.43 1.41 400.0 ( 4.3 16.19

NaBr 1.62 4.50 1.22 288.0 ( 2.8 12.56

KCl 1.99 4.35 1.40 190.4 ( 0.2 7.64

NaCl 1.61 3.79 1.25 156.7 ( 7.7 6.02

CaCl2 1.33 5.71 1.07 33.7 ( 0.7 2.38

SrCl2 1.34 5.21 1.07 27.4 ( 1.8 1.99

KH2PO4 1.18 2.18 0.99 18.3 ( 4.4 1.26

Na2SO4 0.41 2.68 1.01 30.5 ( 2.9 1.72

Membrane II

KCl 1.99 4.89 1.40 521.6 ( 2.0 19.44

NaCl 1.61 4.75 1.25 280.4 ( 0.6 12.22

CaCl2 1.33 5.99 1.07 85.9 ( 1.7 4.17
aThe electrolyte diffusion coefficients in water were calculated using eq 8, the mass transfer coefficients were obtained from the correlation developed in
ref 35, and the electrolyte permeation coefficients were determined using themethod in ref 20. Salt pairs are listed in order frommost chaotropic to most
kosmotropic based on their anion.37 The twomembrane samples used in this work are listed asMembrane I (A = 1.36� 10�12( 9.80� 10�14 m/Pa 3 s;
S = 439 ( 26 μm) and Membrane II (A = 1.45 � 10�12 ( 4.90 � 10�14 m/Pa 3 s; S = 559 ( 42 μm).



10647 dx.doi.org/10.1021/es202608y |Environ. Sci. Technol. 2011, 45, 10642–10651

Environmental Science & Technology ARTICLE

feed ion flux for a given experiment.19,20,25,42 In the ternary
systems, the draw solution ion fluxes are predicted by eqs 1 and 2
with relative accuracy as demonstrated by the close proximity of
data points to the line with slope = 1 (i.e., perfect agreement) in
Figure 3a and b. One critique of the model (eq 2) is that it
may slightly overpredict the flux of the cation in the feed
solution (shown in the lower left quadrant and central region
of Figure 3a and b, respectively). Analytical error associated
with sample preparation and analysis may partially account for
this deviation. Yet, this observation may also indicate that the
feed cation is permeating through the active layer at a different
rate due to the presence of a high concentration of the draw
solution ions, as discussed in the interpretation of eq 11.
Additional experiments were performed to further explore this
observation.
The CaCl2 draw solution and KCl feed solution system was

selected for further experiments because this system showed the
greatest deviations from the model predictions. Experiments
were conducted using a CaCl2 draw solution concentration
between 0.5 and 2.0 M and a 0.05 M KCl feed solution.
Membrane II, which was observed to have slightly different
permeabilities and structural parameter (Table 1), was used
during this portion of the investigation. The molar flux of
potassium as a function of CaCl2 concentration is presented in
Figure S1.

Results from experiments show that the flux of potassium ions
is independent of the CaCl2 concentration gradient, which is in
agreement with the limit presented in eq 11. Furthermore, the
measured flux of potassium is consistently lower than the flux
predicted by eq 2, which seems to indicate that the presence of
the concentrated draw solution enables the feed ion to permeate
through the membrane active layer at a rate set by the ionic
permeability of potassium, not the potassium chloride perme-
ability. Again, this is consistent with eq 11. An experiment was
also performed with a 1MCaCl2 draw solution and a 0.15MKCl
feed solution to demonstrate that the flux of potassium does
increase when the KCl feed concentration increases. Reassur-
ingly, a 3-fold increase in KCl concentration lead to a corre-
sponding increase in potassium flux (11.3 mmol m�2 hr�1 to
34.2 mmol m�2 hr�1). The flux of calcium ions from the draw
solution into the feed remained constant when the KCl concen-
tration changed (26.4 mmol m�2 hr�1 at 0.05 M KCl and 27.0
mmol m�2 hr�1 at 0.15 M KCl). Taken together, these results
suggest that if only electrostatic interactions exist between ions
from the feed solution and draw solution (i) the flux of ions from
the draw solution into feed solution will not be affected by the
presence of ions from the feed solution and (ii) the flux of ions
from the feed solution into the draw solution will be slightly
affected due to the high concentration of draw solution ions.
Ion Permeation in Common Cation Systems. Ternary ion

experiments were also performed with solutions that contain
common cations and dissimilar anions. The predicted and
measured ion fluxes are compared on log�log plots in
Figure 4a and b. Experiments are divided into two groups: those
performed with salts that do not contain nitrate (Figure 4a) and
those that do contain nitrate (Figure 4b). Similar to results in
Figure 3a and b, the molar fluxes of ions from the draw solution
into the feed solution are clustered in the top right region of both
figures, while the feed anion data points occupy the central and
bottom left regions. For systems that did not contain nitrate, the
experimental fluxes of ions from the draw solution were well
predicted by the application of eqs 1 and 2 and the permeability
coefficients in Table 1. Forward feed ion fluxes again deviated
from those predicted by eq 2, although in this case the fluxes were
slightly underpredicted.
The observation that the feed anions in common cation

systems permeate more quickly than predicted while the feed
cations in common anion systems permeate more slowly is
consistent with the knowledge that ionic diffusion coefficients
of anions tend to be higher than those of cations.29 Therefore,
because the high draw solution concentrations enable the feed
solution ions to permeate independently, the cations “slow
down” and the anions “speed up” relative to the electrolyte
permeability coefficient.
The ion fluxes in common cation experiments with nitrate

containing salts (Figure 4b) are poorly predicted by eqs 1 and 2.
It is possible that this is because interactions between the polar
structure of nitrate and the membrane increase the nitrate
partitioning into the membrane.43 We are currently pursuing
further understanding of the mechanism of nitrate permeation
through the membrane.
Ion Permeation in Quaternary Systems. Feed streams will

typically contain a large number of dissolved ions; however,
analytical solutions to the Nernst�Planck equation only exist for
systems containing up to three ions. In order to explore what
aspects of the understanding developed from the analytical
solution (eq 11) might be extended to higher order systems, a

Figure 2. Comparison of the observed water flux to the predicted water
flux for ternary electrolyte experiments. The predicted water fluxes are
calculated using equations derived in previous studies.34,40 The aqueous
diffusion coefficient,D, and feed sidemass transfer coefficient, k, for each
salt are reported in Table 1, S = 439 μm, and A = 0.44 L m�2 h�1 bar�1.
The dashed line (slope = 1 represents perfect agreement between
predicted water flux values and those observed from experiments.
Two water fluxes are reported for each system of electrolytes because
each salt was used once as in the draw solution and once in the feed
solution. Only one data point is reported for the KH2PO4 and Na2SO4

containing systems because neither salt was soluble enough to prepare a
1.0 M draw solution. Error bars represent one standard deviation.
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limited number of experiments were conducted to investigate
bidirectional ion permeation in quaternary systems (i.e., two
distinct ions in the feed and another two distinct ions in the draw

solution). Three experiments were conducted, and a fourth was
adopted from our previous study.19 Detailed quantitative results
are provided in the SI.

Figure 3. Comparison of the observed ion fluxes to the predicted ion fluxes for common anion systems. The systems are divided into two categories: (a)
those with the moremobile cation in the draw solution and (b) those with the moremobile cation in the feed solution. Predicted ion fluxes are calculated
using eqs 1 and 2 along with the predicted water fluxes, Jw, reported in Figure 2. The transport parameters D, B, and k correspond to those reported in
Table 1 forMembrane I, and S = 439 μm. In the legend, the first salt is for the draw solution (1.0M), and the second salt is for the feed solution (0.05M)
(e.g., NaCl-KCl refers to an experiment using a 1.0 M NaCl draw solution and a 0.05 M KCl feed solution). Three ion fluxes are reported for each
experiment: the fluxes of the two distinct cations and the flux of the shared common anion. The dashed line (slope = 1) represents perfect agreement
between predicted ionic fluxes and those measured from experiments. Error bars represent one standard deviation.

Figure 4. Comparison of the observed ion fluxes to the predicted ion fluxes for common cation ternary electrolyte systems. The systems are separated
into two categories: (a) systems that do not use nitrate containing salts and (b) systems that do use nitrate containing salts. Predicted ion fluxes are
calculated using eqs 1 and 2 and the predicted water fluxes, Jw, are reported in Figure 2. The transport parameters D, B, and k correspond to those
reported in Table 1 forMembrane I, and S= 439μm. In the legend, the first salt is for the draw solution (1.0M) and the second salt is for the feed solution
(0.05 M). Three ion fluxes are reported for each experiment: the fluxes of the two distinct anions and the flux of the shared common cation. The dashed
line (slope = 1) represents perfect agreement between predicted ionic fluxes and those observed during experiments. Error bars represent one standard
deviation.
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Similar to the ternary experiments, water flux in each experi-
ment was predicted using established equations to within 10% of
the observed values for these experiments (data not shown).
Measured ion fluxes were compared to the fluxes predicted by
eqs 1 and 2, assuming that the individual ions permeate at a rate
set by the electrolyte permeability coefficient of their parent salts
(Table 1). The predicted and measured ion fluxes are compared
on a log�log plot shown in Figure 5. The observed results from
these experiments are consistent with behaviors identified in the
ternary experiments. For systems that do not contain nitrate, the
predicted reverse flux of draw solution ions strongly agrees with
the observed values. This indicates that electrostatic interactions
between ions have a negligible effect on the reverse permeation of
the draw electrolyte. The model predictions of the feed ion fluxes
(eq 2) slightly deviate from experiments for these two cases, as
we also observed in the ternary systems. For systems that contain
nitrate, the model is unable to accurately predict the ion fluxes
for the NaCl draw solution and KNO3 feed experiment. Devia-
tions between the model and experiment are more noticeable
when an NaCl draw solution is used compared to an MgSO4

draw solution.
The development of osmotically drivenmembrane processes

requires that a variety of complex phenomena be understood.
One of those phenomena, the bidirectional permeation of ions,
was thoroughly explored here through modeling and experi-
mental efforts. Therefore, it is useful to consider how the results

of these efforts can aid the future development of ODMPs.
Specifically, the experiments here demonstrate that solute�
solute (e.g., electrostatic) interactions do exist in the applica-
tion of ODMPs and do affect the ionic fluxes through the
membrane. These effects may be significant as is the case
with nitrate containing systems or they may be much less
important as is the case with electrostatic interactions. If only
electrostatic interactions between charged species exists, the
model developed here along with the electrolyte permeability
coefficients measured from binary systems should adequately
predict the reverse and forward ion fluxes in ODMPs. The
model predictions will be very accurate for the reverse ion
fluxes but less accurate for the forward ion fluxes because of
the electrostatic interaction between ions. However, we suspect
these differences will be negligible compared to some issues
faced in the operation of field systems such as feed stream
variability.44
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’NOMENCLATURE
A water permeability coefficient
B electrolyte permeability coefficient
c molar concentration of electrolyte
ci molar concentration of species i
DDS bulk diffusion coefficient of electrolyte in water
Dij diffusion coefficient of species i when influenced by

gradient of species j
Di/j average of diffusion coefficient of ions i and j
F Faraday constant
Hi partition coefficient of species i
Hi/j average partition coefficient of ions i and j
I current density
Ji molar flux of species i
Jw volumetric water flux
k external mass transfer coefficient
R ideal gas constant
S membrane structural parameter
T absolute temperature
ta thickness of active layer
ts thickness of support layer
x, z local coordinate systems
zi valence of species i

Figure 5. Comparison of the observed ion fluxes to the predicted ion
fluxes for quaternary electrolyte systems. Predicted ion fluxes are
calculated using eqs 1 and 2, and the predicted water fluxes, Jw, are
reported in the SI. The transport parameters D, B, and k correspond to
those reported in Table 1, and S = 439 μm. In the legend, the
experiments are identified using the same naming convention as that
in Figures 3 and 4. Four ion fluxes are reported for each experiment
because each dissolved salt produces two distinct ions. Please note that
two symbols for the NaCl-KNO3 system are obscured by symbols from
other systems. Both are located in the upper right-hand corner: one is
located behind upward facing triangles of the MgSO4�KNO3 system
and the other behind the downward facing triangles of the NaCl-K2SO4

system. The solid line (slope = 1) represents perfect agreement between
predicted ionic fluxes and those observed from experiments. Error bars
represent one standard deviation.
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δ thickness of external concentration polarization layer
ε porosity of support layer
ϕ electrostatic potential
μi chemical potential of species i
π osmotic pressure
τ tortuosity of support layer

’SUBSCRIPTS
1 refers to species originating from the draw solution

(electrolyte or ion)
2 refers to species originating from the feed solution

(electrolyte or ion)
3 refers to the counterion to ions 1 and 2; in ternary

experiments, it is the common ion
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