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Herein, we report on changes in the performance of a commercial cellulose triacetate (CTA) membrane,
imparted by varied operating conditions and solution chemistries. Changes to feed and draw solution flow
rate did not significantly alter the CTA membrane's water permeability, salt permeability, or membrane
structural parameter when operated with the membrane skin layer facing the draw solution (PRO-mode).
However, water and salt permeability increased with increasing feed or draw solution temperature, while
the membrane structural parameter decreased with increasing draw solution, possibly due to changes in
polymer intermolecular interactions. High ionic strength draw solutions may de-swell the CTA membrane
via charge neutralization, which resulted in lower water permeability, higher salt permeability, and lower
structural parameter. This observed trend was further exacerbated by the presence of divalent cations
which tends to swell the polymer to a greater extent. Finally, the calculated CTA membrane's structural pa-
rameter was lower and less sensitive to external factors when operated in PRO-mode, but highly sensitive
to the same factors when the skin layer faced the feed solution (FO-mode), presumably due to swelling/
de-swelling of the saturated porous substructure by the draw solution. This is a first attempt aimed at sys-
tematically evaluating the changes in performance of the CTA membrane due to operating conditions and so-
lution chemistry, shedding new insight into the possible advantages and disadvantages of this material in
certain applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The amount of accessible fresh water in the world is estimated to
be less than 1% of the Earth's entire water supply, whereas nearly 70%
of the planet is covered with ocean water [1,2]. With a rapidly
expanding global population, fresh water is becoming a scarce re-
source and hence, there is growing interest in the use of desalination
technology to produce fresh water from ocean water as well as other
non-traditional water sources such as brackish and waste-water. The
most popular commercial technologies for desalination include ther-
mal processes (multi-stage flash distillation, multi-effect distillation,
mechanical vapor compression, etc.) and membrane processes
(reverse osmosis, nanofiltration, and electro-dialysis) [3]; the relative
merits and limitations of these are well studied [4]. While not a new
idea, forward osmosis (FO) is emerging as a possible future alterna-
tive to these conventional desalting technologies, and FO is

considered one of “three technologies [that] promise to reduce the
energy requirements of desalination by up to 30 percent” [5].

Forward osmosis is the transport of water through a semi-
permeable membrane from a relatively low concentration solution
(feed) to a relatively high concentration solution (draw), that is, from
a high to low water chemical potential. Recently, engineered-osmosis
membrane processes have been receiving increased attention due to
their significantly lower operating pressures and lower fouling propen-
sity. Therefore, FO may be developed into a relatively low energy and
low cost desalination process [6,7]. Engineered-osmosis membrane
processes are also being developed for wastewater reclamation [8,9],
food and pharmaceutical concentration [10,11], as well as renewable
energy production from salinity gradients [12–15].

During the osmotic transport, water permeation across the mem-
brane from the feed solution dilutes the draw solution concentration
at the membrane surface, while a small amount of salt diffuses
through the membrane from the draw to concentrate the feed as
membranes are not completely impermeable to salt. This reduction
in the effective trans-membrane salinity difference, or the osmotic
pressure difference, is referred to as external concentration polariza-
tion (ECP). The effect of ECP can generally be minimized by increasing
the mass transfer rates in the feed and draw flow channels [9].

Commercially available semi-permeable osmotic membranes have
an asymmetric structure comprised of a thin, dense skin layer where
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salt rejection occurs formed over a porous substructure, which provides
mechanical support. In what follows, experiments performed with the
membrane skin layer facing the draw solution will be referred to as
PRO-mode while those performed with the membrane skin layer facing
the feed solution will be referred to as FO-mode. The twomodes of oper-
ation are used in the FO experiments investigated herein.When operated
in PRO-mode, solute permeating through the skin layer concentrates the
feed solution, and the porous support creates a stagnant zone where sol-
ute is transported solely by hindereddiffusion, exacerbating the reduction
in the effective osmotic pressure difference, resulting in concentrative in-
ternal concentration polarization (ICP) (Fig. 1a). Dilutive ICP occurs when
operating in FO-mode when water permeating through the membrane
dilutes the draw solution within the porous support where, again, solute
mass transfer is slow. Both cases of ICP result in a substantial reduction of
the effective osmotic pressure difference across the active layer of the
membrane (Fig. 1b), which in turn lowers thewaterflux across themem-
brane. Furthermore, since the polarization occurs within the porous
membrane support, it cannot be reduced by hydrodynamic means, e.g.
through an increased cross-flow velocity [9,16,17].

Consequently, a great deal of effort has been extended towards
understanding and quantifying ICP. These studies have mostly been
aimed at estimating the resistance to mass transfer within the porous
support. The structural parameter has been used to reflect the com-
bined effects of porous substructure porosity, tortuosity and thick-
ness, with the foregone conclusion that a porous, thin support with
straight pores is essential for minimizing ICP. An implicit assumption
has been that the structure of the membrane support is constant and
is not affected by operating conditions. This is indeed plausible if the
porous material is completely inert; in practice, however, the poly-
meric material may interact, to various extents, with the solution as
changes in temperature and chemical composition are made. For ex-
ample, hydrogel polymers have been reported to absorb water and
swell [18,19], increasing its volume and mass significantly. Cellulosic
polymers have also been found to swell in the presence of various
mixtures [20–23]. Furthermore, cellulosic polymers contain hydroxyl
groups [24,25] that could interact electrostatically with polar solvents
and ionic solutions. Thus, there may be inherent changes to mem-
brane structure and performance as a result of the interaction be-
tween polymeric membranes and the solution it is in contact with.

Little effort has thus far been extended towards understanding the
possible effect of solution–membrane interactions on the structural
mass transfer resistance of the porous support. The increased water
flux with increasing temperature observed in RO has long been
known (e.g. [26]), but this has not, to the best of our knowledge,
been investigated for FO where two streams contact the membrane
on either side. Recently, Achilli et al. [6] reported that different salts
producing the same osmotic pressure did not have a significant effect
on the calculated structural parameter for the CTA membrane in FO-
mode. Indeed, the variation over the entire data range amounted to
less than 20%. However, at closer scrutiny it does seem that larger
variations may exist within the separate data for the varying salts
used. Furthermore, it is interesting to note that the average value
reported for the CTA membrane, 470 μm, is much lower than
~670 μm, reported in another study with the membrane in PRO-
mode [17] and in yet another study, the structural parameter was
reported to vary between 500 and 700 μm [18]. Certainly, this
reported variability warrants further scrutiny to determine whether
different testing conditions could induce such differences in the
structural parameter of the CTA membrane.

The purpose of this study was to determine how and to what ex-
tent FO process conditions affect the water flux across the membrane.
Specifically, what changes are observed for the water permeability
and calculated structural parameter with variations in solution flow
rate, temperature, composition, and membrane orientation (see
Table 1 for the matrix of experimental conditions investigated here-
in). In order to systematically understand the effect of process condi-
tions, a commercial FO membrane was first characterized through RO
experiments, followed by FO experiments through which possible
changes to the membrane structure were investigated.

2. Materials and methods

2.1. Membrane

The FO membrane used is a commercially available cellulose triac-
etate (CTA) membrane (Hydration Technologies Innovations, Albany,
OR), which is an asymmetric and a moderately hydrophilic mem-
brane [25]. By appearance, the skin layer side of the membrane is

Fig. 1. Concentration polarization in osmotic membrane processes. The reduced concentration at the external membrane surfaces is due to external CP. Concentrative internal CP (a)
occurs when the skin layer faces the draw, and salt builds up in the porous support (PRO-mode), whereas dilutive internal CP (b) occurs when the skin layer faces the feed, and
water flux dilutes the draw concentration (FO-mode).
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more lustrous and smooth than the dull support layer side. The mem-
brane is kept in deionized water at 4 °C before use to avoid irrevers-
ible shrinking upon drying. SEM images of the membrane [6,27]
have shown that the membrane is a thin polymer film supported by
a woven polyester mesh embedded in polymer substrate. For the ma-
jority of the experiments, the membrane was tested in PRO-mode.
Additional experiments were conducted in FO-mode in order to com-
paratively probe the different effects of ICP under each membrane
orientation.

2.2. Characterization of membrane transport coefficients

The FO membrane's water and salt permeability were determined
through experiments in RO mode. The RO system employed is a
cross-flow system consisting of six stainless steel cells operating
under the same pressure and the same feed water (Fig. S1). Each
cell has an effective membrane area of 19 cm2 and a channel height
of 2 mm. The feed solution was pressurized in the system using a di-
aphragm pump (Hydracell; Wanner Engineering, Minneapolis, MN).
The feed solution was kept at a constant temperature by heat ex-
changer coils, submerged in the feed tank, connected to a water chill-
er (NTE RTE7; Fisher Scientific, Pittsburgh, PA). The conditions for
these RO experiments were chosen to reflect those used in subse-
quent FO experiments. Specifically, the water flux was determined
for the temperatures and solution chemistries investigated herein,
as presented in Table 1.

In order to determine the intrinsic water permeability, A, the feed
tank was filled with Milli-Q water produced from Super-Q water sys-
tems (Millipore Corp., Billerica, MA), and the permeate flow rate was
measured by a digital flowmeter (Optiflow 1000; Agilent Technology,
Foster City, CA) at a given applied hydraulic pressure and tempera-
ture. The pure water permeability may be calculated as the slope of
a pressure-flux plot, through the relation

A ¼
Jw
ΔP

: ð1Þ

The solution permeability is defined here as the apparent water
permeability during filtration of salt solution and, hence, accounts
for concentration polarization effects. The water permeability in the
presence of a salt species i is as defined as:

Ai ¼
Jw

ΔP−Δπ
ð2Þ

where Jw is the water flux through the membrane in presence of salt
in the feed solution. The intrinsic salt permeability, B, was determined
by measuring the feed and permeate conductivity with a calibrated
conductivity meter (Accumet XL20, Cole Parmer, Barrington, IL) at a
given pressure and feed solution chemistry, and calculated by [28, 29]

B ¼ Jw
1−R
R

! "
exp

−JW
k

! "
ð3Þ

where R is the observed solute rejection and calculated by R=1−Cp/
Cf in which Cp is the permeate solute concentration and Cf is the feed
solute concentration. The mass transfer coefficient, k, is dependent on
the cross-flow velocity, the channel geometry and solution proper-
ties, and may be calculated using mass transfer correlations. While
several such correlations may be found in the literature for spacer-
filled channels (for example, [30–32]), the following correlation pro-
posed by Guillen et al. was chosen since it has been specifically devel-
oped for the experimental flow-cell employed [23],

Sh ¼ 0:46 ReScð Þ0:36 ¼ kdH
D

ð4Þ

in which Sh is the Sherwood number, Re=(u0ρdH)/μ is the Reynolds
number and Sc=μ/(ρD) is the Schmidt number, with k denoting the
mass transfer coefficient, u0 the average velocity in the membrane
channel, dH is the hydraulic diameter, D is the diffusion coefficient, μ
is the viscosity and ρ the density.

The density and viscosity of the salt solutions were determined by
correlations found in the literature [33,34]. The diffusion coefficient of
the solute in water is calculated using the correlations developed
by [35], and corrected for temperature differences using the Stokes–
Einstein law of diffusion [36]. However, due to the complex composi-
tion of Instant Ocean, the diffusivity could only be determined ap-
proximately from weighted averages. The calculated solution
properties are presented in Table 2.

2.3. Forward osmosis experiments

The FO experiments were conducted using a custom designed
flow cell made of polycarbonate. The flow channels on both sides of
the membrane are 2.54 cm wide, 7.62 cm long and 1 mm high. The
draw solution flowed counter-currently to the feed solution, con-
trolled independently by gear pumps (MicroPump A, Cole Parmer,
Barrington, IL). The solution flow rates were measured by rotameters
(Blue White Industries Ltd, Huntington Beach, CA). The temperature
of the solutions were kept constant with immersed stainless steel
cooling coils (JFD Tube & Coil Products, Inc, Hamden, CT) connected
to re-circulating water baths with temperature controls (NESLAB
RTE-7, Thermo Fisher Scientific Inc, Waltham, MA). The temperature
of the solutions for different experiments varied from 10 to 30 °C to
simulate seawater conditions. The draw solution was kept on a bal-
ance (PI-2002, Denver Instruments, Bohemia, NY) with the mass of
the draw solution recorded every 30 s on a computer, from which
the water flux is calculated. Only the first 30 min of each experiment
were used for analysis; both the water flux and salt flux reached a
steady-state approximately 5 min into the experiment. The initial
volume of both draw and feed solutions is one liter, and after
30 min less than 30 mL of water has permeated through the mem-
brane to the draw and less than 1 g of salt has passed into the feed
for all experiments. Thus, within the duration of the experiment, dilu-
tion of the draw and concentration of the feed was negligible.

Table 1
Matrix of experiments and conditions.

Conditions Varying flow
rates

Varying
temperatures

Varying
concentration

Varying solution
composition

Varying membrane
orientation

Temperature (°C) 20 10, 20, 30 20
Flow rates (gpm) Draw 0.05, 0.10, 0.15 0.10

Feed 0.05, 0.10, 0.15 0.10
Draw solution concentration
(g/L) and composition

32 NaCl 32 NaCl
32 NaCl 32 NaCl 10, 32, 50, 70 NaCl 32 MgSO4 32 MgSO4

32 Instant Ocean 32 Instant Ocean
Feed solution Deionized water
Operating modea PRO FO
a PRO-mode: membrane skin layer faces draw solution; FO-mode: membrane skin layer faces feed solution.
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The resistance to solute diffusion by the porous substructure, K,
depends on whether the skin layer faces the feed or the draw solu-
tion. For the skin layer facing the draw and the feed solution as
Milli-Q water (πFECP=0) [12,37],

K ¼ 1
JW

! "
ln

Bþ AπDECP−JW
B

! "
: ð5Þ

And, when the skin layer faces the feed,

K ¼ 1
JW

! "
ln

Bþ AπDECP

Bþ Jw

! "
ð6Þ

where A, B, πDECP and Jw is the water permeability, salt permeability,
osmotic pressure of the draw solution accounting for ECP and the
water flux through the membrane, respectively. The reduction in os-
motic pressure of the draw due to external concentration polarization
depends on the mass transfer coefficient, k, and is calculated by,

πDECP ¼ πD exp
−JW
k

! "
ð7Þ

where the osmotic pressure is calculated by the Gibbs equation [38].
To determine how the membrane structure changes with different
conditions, it is necessary to uncouple the solute resistance from the
draw solution chemistry by defining a membrane structural parame-
ter, S, as

S ¼ KD ¼
t supτ
ε

; ð8Þ

where tsup,τ and ε are the support membrane thickness, tortuosity
and porosity, respectively [39].

2.4. Feed and draw solutions

For all experiments conducted, the feed solution was Milli-Q
water, while the draw solutions were prepared by addition of salts
to Milli-Q water. The NaCl and MgSO4·(H2O)7 used to make the
draw solutions were ACS reagent-grade (Fisher Scientific, Pittsburgh,
PA) and were used as received. To simulate seawater, commercial sea
salt was also used to make the draw solution, which is comprised
mostly of Na+, Cl−, Mg2+, SO4

2−, K+, Ca2+ and HCO3
− (Instant

Ocean®, Spectrum Brands Inc., Atlanta, GA).

2.4.1. Variation of solution flow rate
In order to investigate the effect of solution flow rate on water flux

through the membrane, the flow rates of the draw and feed solutions
were varied independently in each experiment from 0.19 L/min to
0.38 L/min to 0.57 L/min (0.05, 0.10, 0.15 gpm, respectively). The ex-
periments were conducted in PRO-mode, with a constant draw solu-
tion concentration of 32 g/L NaCl, while both draw and feed solution
temperatures are kept constant at 20±1 °C.

2.4.2. Variation of solution temperature
In these experiments, aimed at examining the effect of solution

temperature, the CTA membrane was operated in PRO-mode, com-
prised of 32 g/L NaCl. Both the draw and the feed solutions were
kept at a flow rate of 0.38 L/min (0.10 gpm), while the temperature
of each solution is changed independently to 10, 20 and 30 °C for
each experiment. In order to determine the effect of temperature on
water flux across the membrane, experiments were also run in the
presence of a temperature gradient but with deionized water on
both sides of the membrane.

For these experiments, when the solution temperatures are differ-
ent on either side of the membrane, there exists a temperature

Table 3
Water and salt permeabilities obtained from RO experiments.

Parameter Symbol (unit) Feed
concentration
(g/L)

Temperature

10 20 30

Pure water permeability A (μm/s-MPa) 0 1.95±0.03 2.61±0.10 3.14±0.21
Water permeability in presence of NaCl ANaCl-10 (μm/s-MPa) 10 2.56±0.13

ANaCl-32 (μm/s-MPa) 32 2.66±0.11 2.96±0.03 3.94±0.76
ANaCl-50 (μm/s-MPa) 50 3.67±0.29
ANaCl-70 (μm/s-MPa) 70 4.91±0.31

Intrinsic NaCl salt permeability BNaCl-10 (10−7 m/s) 10 3.38±0.57
BNaCl-32 (10−7 m/s) 32 3.24±0.56 3.67±0.80 4.66±2.06
BNaCl-50 (10−7 m/s) 50 5.23±1.01
BNaCl-70 (10−7 m/s) 70 6.12±0.48

Water permeability in presence of MgSO4 AMgSO4 (μm/s-MPa) 32 2.75±0.01
Intrinsic MgSO4 salt permeability BMgSO4 (10−7 m/s) 32 0.91±0.11
Water permeability in presence of Instant Ocean AIO (μm/s-MPa) 32 3.10±0.16
Intrinsic Instant Ocean salt permeability BIO (10−7 m/s) 32 3.25±0.31

Table 2
Properties of draw solutions under experimental conditions.

Parameter Symbol (Units) NaCl MgSO4 Instant Ocean

Concentration C (g/L) 32 10 50 70 32 32
Bulk osmotic pressure πbulk (106 Pa) 2.74 8.41 4.36 6.20 0.65 2.55
Ionic strength I (mol/L) 0.547 0.171 0.855 1.197 0.519 0.645
Temperature T (°C) 20 10 30 20
Flow rate Q (gpm) 0.05 0.10 0.15 0.10
Water viscosity μ (10−3 Pa-s) 1.03 1.03 1.03 1.31 0.789 1.01 1.06 1.09 1.15 1.08
Water density ρ (kg/m3) 1021 1021 1021 1023 1018 1007 1032 1045 1017 1024
Salt diffusivity D (10−9 m2/s) 1.35 1.35 1.35 0.68 2.03 1.36 1.37 1.41 0.39 1.27
Reynolds no. – 236 471 707 374 616 476 466 458 421 457
Schmidt no. – 750 750 750 1889 382 737 748 739 969 781
Sherwood no. – 36 46 53 59 40 46 45 45 48 46
Mass transfer coefficient k (10−5 m/s) 2.5 3.2 3.7 2.1 4.7 3.2 3.2 3.3 2.9 3.2
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gradient within the membrane, which makes estimating the water
and salt permeability difficult. From the data obtained from RO exper-
iments in Table 3, we derived a best-fit correlation for water perme-
ability as a function of temperature,

A Tð Þ ¼ 5:90% 10−14
# $

T þ 1:38% 10−12 ð9Þ

where A is measured in m/s-Pa and T in °C. Similarly, a correlation for
the NaCl salt permeability as a function of temperature was also
obtained,

B Tð Þ ¼ 7:10% 10−9
# $

T þ 2:44% 10−7 ð10Þ

where B is in units of m/s.
Assuming a linear temperature gradient across the skin layer of

the membrane, an average membrane temperature is used to esti-
mate the average water and salt permeability coefficients using
Eqs. (1) and (2). In doing so, consideration of the actual heat transfer
at the surface of the membrane is implicitly neglected in these
calculations.

2.4.3. Variation of solution composition and chemistry
The effects of solution composition and chemistry were studied

when operated in PRO-mode with solution temperatures kept con-
stant at 20±1 °C, and flow rates kept constant at 0.38 L/min. Experi-
ments were conducted with draw solution concentrations of 10, 32,
50 and 70 g/L NaCl, 32 g/L MgSO4 and 32 g/L commercial sea salt (In-
stant Ocean).

2.4.4. Variation of membrane orientation
Finally, to evaluate how water flux changes with respect to mem-

brane orientation, the membrane was tested in FO-mode with Milli-Q
water as the feed, while the solution temperatures and flow rates
were kept constant at 20±1 °C, and 0.38 L/min, respectively. This
membrane orientation was tested with draw solutions composed of
32 g/L NaCl, MgSO4 and Instant Ocean.

3. Results and discussion

3.1. Membrane properties

From the RO experiments described in Section 2.2, pure water per-
meability, solution permeability, and salt permeability coefficients
were obtained using Eqs. (1)–(3), supplemented with the physical–
chemical data presented in Table 2. The resulting data is summarized
in Table 3 and compares well with previously reported values [9,27].
The general trends are worth highlighting. As feed water temperature

increases, water, solution, and salt permeability increase. In addition
to changes in solvent, solute, and solution properties, the polymeric
membrane expands upon heating producing larger effective pore
sizes [40,41]. Salt permeability decreases as NaCl>Instant
Ocean>MgSO4, which scales with their respective diffusivities, and
increases with higher salt concentration in the feed solution. As
expected, the solution permeability corresponds with the salt
permeability.

An important point to note is the appearance of the CTA mem-
brane following RO compaction, as shown in Fig. 2. The membrane
compacts over time at high applied pressures and develops long,
thin “compression creases” along the length of the membrane, possi-
bly indicating that the CTAmembrane cannot support such high pres-
sures and suffers irreversible inelastic strain as a result of the impact.
Hence, water permeability coefficients determined for these mem-
branes at high applied pressure do not represent the permeability in
FO experiments where trans-membrane pressure is negligible. How-
ever, we expect all permeabilities in FO experiments to follow the
general trends of values obtained in RO. Here, permeabilities were de-
termined in RO only for applied pressures up to 400 psi where the
values can be justified to reflect the membrane performance in FO ex-
periments. The physical–chemical properties reported in Table 2
along with the A and B values reported in Table 3 were used to calcu-
late the structural parameters for the FO experiments in which the so-
lution chemistries, flow rates, and temperatures were varied.

3.2. Variation of solution flow rate

According to film theory, altering the solution flow rate changes
the thickness of the mass transfer boundary layer at the surface of
the membrane [42]. At higher flow rates, the boundary layer is thin-
ner, which results in higher rate of mass transfer and, consequently,
reduced concentration polarization. Table 4 presents the water per-
meability, salt passage and calculated structural parameters for CTA
membranes tested under PRO-mode for different draw and feed solu-
tion flow rates. Neither water permeability nor salt passage varied
significantly with the solution flow rate, indicating that external
mass transfer played a minor role under the considered conditions.

Table 4
Average membrane parameters obtained from FO experiments using varying solution
flow rates.

Parameter Units Value

Apparent water permeability μm/s-MPa 2.20±0.06
Salt passage μg/s 5.61±0.81
Membrane structural parameter, S μm 339±30

Fig. 2. CTA membrane after compaction at 400 psi under RO conditions showing compression creases along the length of the membrane.
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As expected, the variations in the calculated structural parameter
with the changes in flow rate are insignificant.

3.3. Variation of solution temperature

Thermo-osmosis, the transport of water through a semi-
permeable membrane driven by a temperature gradient, has been
considered previously for cellulose acetate membranes [43]. Experi-
ments to test the influence of thermo-osmosis show that temperature
gradients cause water fluxes an order of magnitude lower than that
caused by a concentration gradient. These results are incorporated
into the data obtained in the presence of a concentration gradient
and are shown in Fig. 3, which shows that for a fixed draw solution
temperature, increasing the feed solution temperature results in
higher water permeability (Fig. 3A). Concurrently, the structural pa-
rameter decreases with the increase in draw solution temperature
(Fig. 3B). These variations may be due to some thermally-induced
changes of the membrane structure such as strain variations caused
by different temperatures on each side of the membrane or weaken-
ing of intermolecular bonds within the cellulosic material. However,

it may also be attributed to errors generated from the use of a
constant-property theory; any errors inherent to simplifications
made for the calculation are absorbed into the structural parameter.
Certainly, a structural parameter of ~150 μm is not physical, but
more likely a reflection of flaws in the theory used to interpret the ex-
perimental data. Specifically, changes in the water and salt perme-
ability, which are mainly a function of the membrane skin layer will
affect the structural parameter, which is intended to be characteristic
of the porous substructure of the membrane as shown in Eqs. (1)–(4).
Nevertheless, while such errors warrant caution in using the calculat-
ed parameters as strictly representative of their intended physical in-
terpretation, the observed trends are most certainly indicative of
some underlying processes which facilitate better mass transfer due
to temperature gradients.

This sensitivity of the CTA membrane performance to solution
temperature has important implications for its application. For exam-
ple, where waste heat is available or where FO/PRO feed or draw
streams are inherently at elevated temperatures, osmotic fluxes
may be significantly enhanced; however, a trade-off may exist be-
tween high water flux and high salt rejection.

Fig. 3. Observed water and salt passage (A) and structural parameter (B) as a function of solution temperature in FO experiments.
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3.4. Variation of solution concentration

As the concentration of NaCl in the draw solution increases, there
is a slight decreasing trend in the apparent FO water permeability of
the membrane (Fig. 4A). A similar observation has previously been
reported by McCutcheon et al. [16]. The decrease in water permeabil-
ity with increasing salt concentration has been attributed to osmotic
de-swelling [44], in which case the salt permeability is also expected
to decrease. However, in our experiments the salt permeation in-
creased with draw solution concentration, which generally corre-
sponds to a higher driving force for salt diffusion across the
membrane. The structural parameter, calculated for draw solutions
of 32, 50, and 70 g/L NaCl, was found to be relatively similar with an
average value of about 300 μm (Fig. 4B). This value is slightly lower
than the structural parameters previously reported for the CTA mem-
brane operated in FO-mode [6,27]. Curiously, at a draw solution con-
centration of 10 g/L NaCl, the calculated structural parameter is
significantly higher at ~500 μm. These results suggest that there are
structural changes to the membrane in response to different salt con-
centrations. One possible explanation for the observed trends is the

swelling of the cellulosic polymer in ionic solutions. The driving
force for swelling is dependent on the difference between the charge
density of the polymer and the ionic strength of the solution [18].
Therefore, at higher solution ionic strength, there is a greater ability
of the solution to equalize the charge densities in the polymer, reduc-
ing electrostatic repulsion between polymer chains, and minimizing
swelling [45]. This explains why the structural parameter was lower
at the higher ionic strengths (32, 50, 70 g/L) and remains relatively
constant, which may be indicative of maximal charge neutralization.

3.5. Variation of solution composition

The apparent water permeability in PRO-mode for different salt
solutions is shown in Fig. 5A, with the following trend — NaCl>In-
stant Ocean>MgSO4. On the other hand, the FO-mode water perme-
ability does not significantly change with solution chemistry. Dilutive
internal concentration polarization is expected to have a larger effect
on water permeability compared with concentrative internal concen-
tration polarization because the amount of salt that passes through
the dense skin layer to concentrate the feed is much less than the

Fig. 4. Observed water and salt passage (A) and structural parameter (B) as a function of NaCl draw solution concentration in FO experiments.
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amount of water that permeates through the porous support to dilute
the draw as described in Section 2.3 [9]. Despite the greater loss of
driving force, there are certainly important practical advantages to
operate in FO-mode such as lower fouling propensity when the feed
faces the smoother skin layer, and greater ease of cleaning the skin
layer. PRO-mode is most suited for PRO processes to prevent delami-
nation of the skin layer under pressurized draw solutions.

In PRO-mode, the calculated membrane structural parameter de-
creases as MgSO4>Instant Ocean>NaCl (Fig. 5B); meanwhile, in
FO-mode the structural parameter does not significantly change
with solution chemistry (consistent with the measured water perme-
ability). The different salts may alter the membrane micro-void and,
possibly, macro-void structure, to a varying extent. The concept of
polymer swelling in response to contact with an ionic solution still
applies in this case with regards to the salt permeability. In aqueous
media, cations are highly hydrated, which, when incorporated into
polymeric structures, will cause the polymer to swell [23]. Further-
more, salts interact electrostatically with the polymer matrix by neu-
tralizing charge densities. Thus, divalent salts like MgSO4 will possess
a larger hydrated cation with an increased attraction to the partial

negative charges on the acetate groups of the polymer. Instant
Ocean has significant but less divalent cation content and NaCl is a
1:1 electrolyte. This means that the skin layer will swell to a greater
extent in the presence of MgSO4, causing it to be more swollen and
less permeable, while the NaCl will cause the skin layer to be less
swollen and more permeable.

Water permeability is predominantly a function of the skin layer
structure, which in turn depends on the nature of the solution it is
interacting with. However, the permeability of the skin layer is incor-
porated into the calculations of the membrane structural parameter
(Eq. 4–6), which indicates that a more permeable membrane will in-
herently have a lower membrane structural parameter regardless of
actual changes in the porous substructure. In FO-mode, the draw so-
lution saturates the porous substructure, neutralizing the polymer
charge densities, and causing swelling regardless of the salt solution
used. This causes the structural parameter to be relatively similar
for all the salts in FO-mode, as already reported in the literature [6].
As a final note, it should be re-iterated that while the observed exper-
imental trends are certainly indicative of the effects imparted by salt
composition, concentration and temperature, a full explanation

Fig. 5. Observed water and salt passage (A) and structural parameter (B) as a function of draw solution composition and membrane orientation in FO experiments.
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remains elusive; in particular, interpretation in terms of the structural
parameter should be considered with caution, as the physically sim-
plified model may not account for other mechanisms in effect.

4. Conclusions

In this study, experiments were carried out with the intent to probe
the effects of flow rate, temperature and draw solution properties such
as salinity and ionic composition on the performance of a commercially
available CTA FO membrane. Particular attention was given to water
permeability, salt passage and the calculated membrane structural pa-
rameter. Feed and draw solution flow rates did not significantly impact
the measured water flux across the membrane, indicating that external
mass transfer was not a limiting factor for the FO process. With in-
creased temperature of either feed or draw solution, both thewater per-
meability and salt passage increased, while the calculated structural
parameter decreased; these effects may be explained byweakenedmo-
lecular interactions in the polymeric membrane. As the draw solution
ionic strength increased frombrackish to seawater levels, the calculated
structural parameter increased, presumably due to de-swelling of the
polymer matrix; however, the small variability observed for higher sa-
linities possibly indicates that the charge densitywas already complete-
ly neutralized. Solution chemistry (ionic composition) was observed to
significantly impact the CTAmembrane's permeability and the structur-
al parameter, which again can be explained by swelling of the polymer
matrix. The large changes in the structural parameter due to solution
temperature, salinity, and composition explain at least some of the
inter-laboratory variations in membrane properties reported in the lit-
erature to date. Finally, this study provides new insight into the possible
mechanisms by which solution chemistry and process conditions con-
spire to govern the properties of osmotic membranes and their
performance.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.desal.2011.10.013.

Nomenclature
A pure water permeability coefficient (m/s-Pa)
A′(x) water permeability in the presence of x salt, where x is NaCl,

MgSO4 or IO (Instant Ocean) (m/s-Pa)
Bx intrinsic salt permeability coefficient for x salt (m/s)
ΔC concentration difference across the skin layer of the mem-

brane (g/L)
CDb bulk draw solution concentration (g/L)
CDECP reduced draw concentration at membrane surface due to

external concentration polarization (g/L)
CICP concentration at internal surface of skin layer due to inter-

nal concentration polarization (g/L)
CFECP reduced feed concentration at membrane surface due to ex-

ternal concentration polarization (g/L)
CFb bulk feed solution concentration (g/L)
D diffusion coefficient of solute in water (m2/s)
dH hydraulic diameter (m)
Jw water flux across the membrane (m/s)
K resistance to solute diffusion in the porous support of the

membrane (m/s)
k mass transfer coefficient (m/s)
ΔP applied hydraulic pressure (Pa)
Δπeff effective osmotic pressure difference (Pa)
Δπbulk bulk osmotic pressure difference (Pa)
Q volumetric flow rate (m3/s or gpm)
R solute rejection
Re Reynolds number=(u0ρdH)/μ
S membrane structural parameter (m)
Sc Schmidt number=μ/(ρD)
Sh Sherwood number=kdH/D
u0 crossflow velocity (m/s)

Td temperature of the draw solution (°C)
Tf temperature of the feed solution (°C)
tsup thickness of porous support layer (m)

Greek letters
ε porosity of porous support
τ tortuosity of porous support
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