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» In forward osmosis and PRO, membrane testing conditions and protocols are commonly inconsistent.

» [t is difficult to compare the performance of old and new generation forward osmosis membranes.

» A standard method for characterizing forward osmosis membranes is proposed.

» Results from a round-robin test of the method by seven independent laboratories are presented.

» Testing results of two commercial membranes were consistent between laboratories when using the methodology.
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Osmotically driven membrane processes (ODMPs) such as forward osmosis (FO) and pressure retarded osmo-
sis (PRO) are extensively investigated for utilization in a broad range of applications. In ODMPs, the operating
conditions and membrane properties play more critical roles in mass transport and process performance than
in pressure-driven membrane processes. Search of the literature reveals that ODMP membranes, especially
newly developed ones, are tested under different temperatures, draw solution compositions and concentra-
tions, flow rates, and pressures. In order to compare different membranes, it is important to develop standard
protocols for testing of membranes for ODMPs. In this article we present a standard methodology for testing of
ODMP membranes based on experience gained and operating conditions used in FO and PRO studies in recent
years. A round-robin testing of two commercial membranes in seven independent laboratories revealed that
water flux and membrane permeability coefficients were similar when participants performed the experi-
ments and calculations using the same protocols. The thin film composite polyamide membrane exhibited
higher water and salt permeability than the asymmetric cellulose-based membrane, but results with the
high permeability thin-film composite membrane were more scattered. While salt rejection results in RO
mode were relatively similar, salt permeability coefficients for both membranes in FO mode were more varied.
Results suggest that high permeability ODMP membranes should be tested at lower hydraulic pressure in RO
mode and that RO testing be conducted with the same membrane sample used for testing in FO mode.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

(forward osmosis, FO), power generation (pressure retarded osmosis,
PRO), and dewatering of aqueous solutions (direct osmotic concen-

Osmotically driven membrane processes (ODMPs) are innovative
technologies with applications in water treatment and desalination

* Corresponding author. Tel.: +1 303 273 3402; fax: +1 303 273 3413.
E-mail address: tcath@mines.edu (T.Y. Cath).

0011-9164/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.desal.2012.07.005

tration, DOC, and osmotic dilution, ODN) [1-4]. These methods utilize
osmotic pressure difference between a dilute feed solution and a con-
centrated draw solution to induce mass transport of water through
semipermeable membranes from the feed stream into the draw solu-
tion. Increasing demand for water and electricity and encouraging
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results from ODMP studies in recent years, have accelerated the de-
velopment of ODMP technologies, including a flurry of membrane de-
velopment work [5-21] intended to enable further improvement and
commercialization of ODMPs.

Many studies examined the performance of new membranes
designed specifically for ODMPs for various applications. These investi-
gations used a variety of membranes, different feed and draw solutions,
different testing apparatuses, and different operating conditions, includ-
ing flow rates, temperatures, and concentrations. Wang et al. [22] sum-
marized results from 16 studies, none of which was performed under
similar conditions. As a result, the reported water and salt fluxes are
scattered over a broad range. Testing conditions reported in recent pub-
lications on FO membrane development [7,8,12,13,15,17-19,23-29] are
summarized in Table 1. It can be seen from the data that both tempera-
tures and draw solution concentrations are not consistent, and there-
fore, make membrane performance difficult to compare. Furthermore,
in many cases the batch designation of the manufactured OMDP mem-
branes is not indicated, making it more difficult to compare performance
between membranes.

While ODMPs may appear simple to operate and test, slight variations
in operating conditions can have profound influence on their perfor-
mance (i.e., water flux and solute rejection). Performance differences in
ODMPs may be more pronounced than in reverse osmosis (RO) or
nanofiltration (NF) because two streams (feed and draw solutions) affect
the chemical and physical conditions on both sides of the membrane, as
opposed to only one side in RO and NF. As new ODMP membranes are
being developed, standard protocols should be established for testing
the permeability and selectivity of the membranes. This task is especially
critical when several membrane configurations are being pursued for
ODMPs, including hollow fiber and flat-sheet thin-film composite (TFC).

The membrane community has already accepted standard testing
protocols to allow performance comparison between high pressure mem-
branes. For example, brackish water RO membranes are typically tested
with feed pressure of 15.5 bar (225 psi), feed temperature of 25 °C, feed
solution of 2000 ppm NaCl, and specified water recoveries for different
membrane element sizes. Seawater RO membranes are typically tested
at 55.1 bar (800 psi), 25 °C, and with 32,000 ppm NaCl feed solution.
NF membranes are usually tested with MgSO, feed solution. The main ob-
jective of this paper is to establish standard testing methods and protocols
for evaluating the performance and integrity of ODMP membranes. This
paper introduces protocols that should be used to facilitate comparison
between different ODMP membranes. The testing protocols were evaluat-
ed by seven independent laboratories with two types of ODMP mem-
branes: TFC and asymmetric polymeric membranes.

Table 1
Testing conditions reported in recent publications on FO membrane development.

Draw solution DS concentration Feed Temp (°C) Reference

Nacl 15M DIW? 23+1 [17]
NaCl 05,1,2,3,45M DIW 22405 [23]
NacCl 0.5,0.75,1.0 M NaCl (10, 40, 80 mM) 25 [24]
Nacl 0.5 DIW 23 [25]
MgCl, 0.5-3.5M DIW 23 [15]
NaCl 05,2 M 100 ppm NaCl 23 [26]
MgCl, 0.5-4 M DIW 23 [13]
MgSO4 150 g/L 35 g/L NaCl 20 [12]
NaCl 3M DIW 20 [8]

Nacl 1-25 M DIW/3.5% NaCl 22405 [27]
NaCl 052M 100 ppm NacCl 23 [7]

MgCl, 0.5-3 M DIW/10 mM NaCl 23 [28]
NaCl 15M DIW 25405 [18]
NH4HCO3 1.5 M DIW 25405 [18]
MgCl, 5M DIW 23 [29]
NaCl 0.5 M DIW 25 [19]

2 Deionized water.

2. Governing equations in ODMPs

Water flux (J,,) during osmosis through a semipermeable mem-
brane can be quantified by:

Jw = A(mp—g) (1)

where A is the water permeability coefficient, 1y is the osmotic pressure
of the draw solution at the membrane interface and rixis the osmotic pres-
sure of the feed solution at the feed—-membrane interface. This equation,
however, assumes a well-stirred system without the presence of bound-
ary layers, which in ODMPs occur on both the feed and draw solution
sides of the membrane and inside the porous support layer of the mem-
brane. McCutcheon et al. [30,31] presented a model for osmotic flux
across a dense, symmetric membrane:

o exp (1) ey exp ()| @)

where 11, and 115, are the bulk osmotic pressures of the draw and feed
solutions, respectively, and kp and ky are the mass transfer coefficients
on the draw and feed solution sides of the membrane, respectively. This
implicit flux model incorporates concentration polarization moduli that ac-
count for boundary layer phenomenon on both sides of the membrane.
The solutes are rejected on the feed side of the membrane, resulting in
an increase in local concentration near the membrane interface on the
feed side, and dilution (a negative exponential term) on the draw solution
side of the membrane as water that permeates the membrane dilutes the
draw solution at the downstream interface.

However, even Eq. (2) is incomplete as today's desalting membranes
are asymmetric and comprise a thin selective layer and a thick, non-
selective porous support layer. Because the effective osmotic pressure of
a solution is only established at the interface with the selective layer,
the asymmetric structure of a membrane ensures that one of the bound-
ary layers occurs within the support layer, resulting in internal concentra-
tion polarization (ICP) [30,32,33]. To account for this change, an effective
mass transfer coefficient, ke was defined which takes into account the
impact that the porous support layer has on mass transfer:

Jw=A

Dse  Dge
ke =25 =7 @)

Here, D; is the diffusivity of the solute, 6 is the thickness of the
boundary layer (here assumed as the thickness of the support layer),
and ¢, 7, and t are the porosity, tortuosity, and thickness of the porous
support layer of the membrane, respectively. For the specific case in
which the porous support layer is in contact with the draw solution
(i.e., the FO mode), Eq. (2) above becomes:

Jw=A {nm, exp (,jl)fvfj) ey exp (’km . (4)

ICP has been investigated in many studies and it is widely consid-
ered to be one of the significant obstacles to further development of
ODMP. Salt flux during ODMP is also a major factor in the performance
of the processes. Recent studies provided thorough experimental and
modeling approaches to predict forward and reverse diffusion of elec-
trolytes through semipermeable membranes during ODMP [34-39].
One useful equation that relates the water flux, J,y, and reverse solute
flux, Js, has been developed independently by Phillip et al. [36] and
Tang et al. [40]:

Jw_Art (5)

where B is the solute permeability coefficient of the membrane, n is the
number of species that the draw solute dissociates into (e.g., n=2 for
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NaCl), R, is the gas constant, and T is the absolute temperature. This re-
lationship indicates that the ratio of the water and reverse salt flux is a
function of the transport properties of the membrane active layer and is
independent of the structure of the support layer.

It can be seen from Eqs. (1)-(5) above that the membrane transport
properties and operating conditions have a major influence on the per-
formance of OMDPs. Hence, accurate characterization of the membrane
properties is critical to the prediction of OMDP performance under
given operation conditions.

3. Effects of operating conditions on ODMP process performance

From Egs. (1)-(5) it can be inferred that both operating conditions
and membrane properties can substantially affect process performance.
Results from a recent study revealed that water flux ranged from 6.5
to 83L m~2h~! and that reverse salt flux ranged from 45 to
54 mmol m~2 h™! when the flow velocity varied independently from
0.4 to 1.1 m/s on the feed and draw solution sides of the membrane
[35].

The chemistry of the feed and draw solutions plays an important role
in controlling the performance of ODMPs. While the composition and
concentration of the draw solution solutes dictate its osmotic pressure,
the actual driving force induced by the draw solution is also controlled
by the viscosity of solution and diffusivity of the solutes [35]. For exam-
ple, while the calculated osmotic pressure of MgCl, may be very high
at a specific concentration, its viscosity is higher and diffusivity is lower
than those of NaCl [35], which can result in concentration polarization ef-
fects that reduce water flux through the membrane [41-44].

Temperature affects both the viscosity and the density of solutions
and therefore can influence both the concentration and hydrodynamic
boundary layers [43]. Temperature also affects the diffusivity of solutes.
In ODMPs, feed and draw solution temperatures may be different, and
they may slowly change due to heat transfer through the membrane
as the streams flow through the membrane element. Results in Fig. 1
demonstrate that water flux in FO is strongly affected by the tempera-
tures on both sides of the membrane and by draw solution concentra-
tions. Therefore, temperature control during testing of ODMPs is also
critical in determining and comparing the performance of existing and
new membranes.

Polymeric membranes may also have a limited range of pH tolerance.
Specifically, first generation ODMP membranes are made of cellulose ac-
etate, which has a relatively narrow range of pH tolerance, usually be-
tween 4 and 8 [43]. Out of this range, the polymer hydrolyzes and
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Fig. 1. Water flux as a function of draw solution concentration for different combina-
tions of feed and draw solution temperatures. FO experiments were conducted with
first generation HTI membrane (imbedded mesh) oriented with the support layer fac-
ing the draw solution (FO mode), no spacers in the flow channels, deionized water
feed, and flow velocity of 0.2 m/s [47].

leads to decreased membrane selectivity, which can result in higher
water flux and lower salt rejection.

Last, when testing ODMP it is assumed that the driving force for mass
transport through the membrane is only the chemical potential difference
across the membrane and that hydraulic pressure does not contribute to
mass transport. Even though membranes for ODMP are dense and semi-
permeable, small pressure differences across the membrane can influence
water flux and solute rejection. Hence, it is also important to ensure that
the transmembrane pressure across the membrane during testing of
ODMP membranes approaches zero.

4. Material and methods
4.1. Test apparatus

4.1.1. ODMP test apparatus

The simplest apparatus for testing of ODMP membranes comprises a
forward osmosis membrane cell, two low-pressure recirculation pumps
(one for the feed and one for the draw solution), feed and draw solution
tanks, and a hydraulic system of pipes, tubes, connectors, valves, and sen-
sors (i.e., pressure gauges, flow meters, thermometers, and conductivity
meters) to connect these components and to control and monitor liquid
flows and conditions. The materials of all the wetted parts should be cor-
rosion resistant (plastics or stainless steel). The membrane cell usually
comprises two flow channels of the same dimensions, one on each side
of the membrane. In PRO mode, the membrane is tested with low/ambi-
ent and similar pressures on both sides of the membrane.

Testing apparatus for ODMP may be more sophisticated and include a
control system to maintain constant feed and draw solution concentra-
tions, temperatures, and flow rates and to continuously record data. A
schematic drawing of an advanced bench-scale ODMP test apparatus is
illustrated in Fig. 2. For simple test setups, the draw solution reservoirs
should be large enough to maintain nearly constant draw solution con-
centration throughout the experiment. The system should allow contin-
uous or intermittent measurement of the concentrations, temperatures,
and volumes of the feed and draw solutions.

4.1.2. RO test apparatus

Most bench-scale systems for testing of pressure-driven membrane
processes consist of a membrane test cell, high-pressure pump, feed
tank, and a hydraulic system of pipes, tubes, connectors, pressure gauges,
flow meters, and valves to connect these components and to control lig-
uid flow (e.g., [45]). Again, the wetted parts must be of corrosion-
resistant materials as well as able to withstand elevated pressures. The
cell typically has a flow channel on the feed side of the membrane and a
permeate collector on the support side. Permeation rate can be measured
by collecting permeate in a graduate cylinder, by measuring it with a ro-
tameter or an electronic flow meter, or by collecting the permeate in a
beaker placed on an analytical balance. Like in ODMP test systems, feed
and permeate concentrations must be continuously or intermittently
monitored and feed temperature, pressure, and flow velocity strictly
controlled.

4.2. Cross-flow velocity and flow rate

Because different laboratories use different membrane cells, feed and
draw solution flow rates have to be adjusted to achieve predetermined
cross-flow velocity, which has direct influence on the mixing and mass
transfer in the flow channel. The flow rate in each channel can be deter-
mined by multiplying the predetermined cross-flow velocity by the cross
sectional area of the flow channel perpendicular to the flow direction.
This method is applicable to both the FO/PRO and RO testing modes
and test cells. Based on the operating conditions and dimensions of
most ODMP test cells, 0.25 m/s is the flow velocity that was selected
for the feed and draw solutions in the round-robin study and for the pro-
posed methodology.
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Fig. 2. A schematic drawing of an advanced bench-scale apparatus for testing of ODMPs. The apparatus can be used for testing of membrane in FO mode (membrane active layer

facing feed) or PRO mode (active layer facing draw solution).

While different flow channel geometries might generate different
Reynolds number at the predetermined cross-flow velocity, it is assumed
that the differences are minor. To avoid further variation, experiments
should be conducted without turbulence-enhancing spacers in the feed
(FO, PRO, and RO) and draw solution (FO and PRO) flow channels.

4.3. Feed and draw solution temperatures

Fluid temperature impacts the performance of almost all membrane
processes. For the current round-robin study a temperature of 20 °C
was chosen. This temperature is close to ambient room temperature in
most laboratories and it is relatively easy to maintain by cooling only. If
higher temperature was selected, both cooling and heating might be re-
quired to maintain constant temperature during FO and PRO experi-
ments. During RO experiments heat is dissipated from the high-
pressure pump; thus, only external cooling is needed to maintain
constant temperature.

Table 2
Operating conditions for testing of ODMP membranes in FO, PRO, and RO modes.

4.4. Feed and draw solution concentrations and concentration measurement

For the FO and PRO testing in the round-robin study, a 1 M NaCl draw
solution and deionized feed water were selected. This draw solution con-
centration and the concentration difference across the membrane pro-
duce a reasonable water flux in both high- and low-permeability ODMP
membranes. With these feed and draw solutions it is also possible to ac-
curately measure concentration changes in the feed stream due to reverse
salt diffusion during the experiments [35].

Because of the bi-directional diffusion of solutes during osmosis, draw
solution solutes will slowly accumulate in the feed stream during FO and
PRO experiments, and they may get further concentrated due to perme-
ation of feed water into the draw solution (dewatering of the feed
stream). Simultaneously, the draw solution could become more diluted
due to water permeation from the feed into the draw solution. Therefore,
it is important to conduct performance tests with either a large volume of
draw solution or with a control system that maintains draw solution con-
centration and feed volume constant during the course of the test. If a

Experimental conditions Value Units Notes

Testing modes: FO (active layer facing feed stream) and PRO (active layer facing DS stream)

Feed and DS temperatures 20 °C

Draw solution 1 M NacCl 58.44 g/L NaCl
concentration

Feed concentration 0 M Nacl Deionized water

Feed and DS pH Unadjusted

Feed and DS cross-flow velocity ~ 0.25 m/s

As close to neutral and within the appropriate range for the polymer tested
 Feed and DS flow rates defined by multiplying flow velocity by cross section area of the

flow channel perpendicular to flow direction
» No spacers in the feed or DS flow channel

» Co-current flow

Feed and DS pressures <0.2 (3) bar (psi)

Membrane orientation

Keep as low as possible and similar on both sides of the membrane
Tests should be conducted in FO and PRO modes

Testing modes: RO for determination of A and B (active layer facing feed stream)

« For high permeability membranes, use 4.82 bar (70 psi)

« For both high and low permeability membranes, testing under more than one feed pressure
is recommended to validate membrane integrity

Use deionized water for membrane compaction and for determination of water permeability coefficient (A)
Use NaCl solution for rejection test and determination of salt permeability coefficient (B)

Feed temperature 20 °C
Feed pressure 8.62 (125) bar (psi)
Feed concentration 0 mg/L NaCl
2000 mg/L NaCl
Cross-flow velocity 0.25 m/s « Similar to FO testing

« Preferably without feed spacer
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control system is not used and the feed reservoir is small, a mass balance
and concentration factor calculations on the feed side might be required
for accurate determination of reverse salt flux.

4.5. RO feed pressure and concentration

Membranes for ODMP might be more delicate than commercial RO
and NF membranes because in some ODMP the operating hydraulic
pressure is much lower and mechanical support is not a major concern.
Based on the performance and limitations of current ODMP mem-
branes, we have suggested that the feed pressure during RO testing of
ODMP membranes be limited to 8.62 bar (125 psi). During preparation
for this study we observed that when testing high permeability mem-
branes, this pressure is too high, producing water flux of approximately
100 Lm~2 h~ . Thus, for high permeability membranes, lower feed
pressures are recommended (Table 2).

For RO testing, a feed solution of 2000 mg/L (34.2 mM) NaCl was se-
lected. Most membrane manufacturers use this solution for performance
testing of their low- and intermediate-pressure RO membranes. Feed
and permeate concentrations should be measured continuously or inter-
mittently during testing. The simplest way to determine NaCl concentra-
tion is via electrical conductivity measurement.

4.6. Membranes

Two commercial ODMP membranes were selected for testing in this
round-robin study. The first membrane is an asymmetric cellulose-based
membrane from Hydration Technology Innovation (HTI, Albany, OR).
This membrane has been used extensively in past OMDP studies, some
of which are listed in Table 1. The second membrane tested is a thin
film composite (TFC) polyamide membrane from Oasys Water (Boston,
MA) [46].

4.6.1. Membrane conditioning and installation

Membranes used in ODMP have a dense, non-porous active layer
and a porous support layer. When tested in FO mode, the membrane
is always oriented with its active layer in contact with the feed
stream/solution and the porous support layer in contact with the
draw solution. When tested in PRO mode for the purpose of quantifying
water and solute flux, the membrane is turned over with the support
layer in contact with the feed stream and with no transmembrane pres-
sure. It is important to consider that in the PRO testing mode
support-layer fouling and concentrative internal concentration polari-
zation (due to reverse salt diffusion) can negatively affect the perfor-
mance of the process [39,47]. Organic and particulate matter may
accumulate inside the porous structure of the support layer and reduce
membrane permeability, and reverse salt flux will build up in the sup-
port layer and reduce the effective osmotic driving force. Thus, it is im-
portant to use very clean aqueous solutions during performance testing
of ODMP membranes in PRO mode.

4.6.2. Alcohol soaking preparation

Prior to membrane testing, it is important to ensure that the
membrane's porous support layer is fully water saturated [16,48]. This
step is particularly important when testing TFC membranes that are
less hydrophilic and might not be easily wetted upon exposure to
water. Membrane hydration may be accomplished by pressurizing de-
ionized water through the membrane using an RO testing apparatus,
but is most typically accomplished by soaking the membrane in a 50%
solution of methanol, ethanol, or isopropyl alcohol (IPA) for 5 min. Fol-
lowing soaking, the membrane should be thoroughly rinsed in deion-
ized water and stored in deionized water to maintain hydration. In
this round-robin study only the TFC membrane was wetted with IPA
prior to testing. The CTA membranes are usually well-hydrated when
soaked in water and therefore additional hydration was not performed.

4.7. Determination of membrane characteristic parameters

4.7.1. Determination of membrane active layer transport properties

The intrinsic water permeability coefficient, A, and salt permeability
coefficient, B, of the membranes were characterized in the RO test appa-
ratus, according to the procedure described in an earlier study [9]. Brief-
ly, the permeation rate was first normalized by the effective membrane
area to yield the water flux, J,,. The water permeability was then deter-
mined by dividing the water flux by the applied hydraulic pressure, AP.
That is, A=Jw/AP. The observed salt rejection, R, was calculated from
the difference between the bulk feed (c,) and permeate (c,) salt con-
centrations, R=1—c¢,/cy,. The salt permeability coefficient, B, was de-
termined from [41,43]

B—Ju (%) exp<—f%) (6)

where k is the mass transfer coefficient for the crossflow channel of the
RO membrane cell.

4.7.2. Determination of membrane support structural parameters

The structural parameter of the membrane support layer, S, deter-
mines the extent of internal concentration polarization in ODMPs and
it is defined as the product of the thickness and tortuosity, divided by
the porosity (i.e., S=t7/¢) of the membrane's porous support layer. Ex-
periments in the ODMP test apparatus were employed to calculate S,
following the protocol described in earlier studies [9,18]. The water
flux, Jw, using a 1 M NaCl draw solution and deionized water feed solu-
tion was measured with the membrane in FO mode (i.e., active layer
facing the feed solution). The membrane support structural parameter
was determined using [49]

D B+ Amp
S=n| g 7
T "(3 +Jw+Anp.m> 7

where Ds is the diffusivity of the draw solute, 11p ), is the bulk osmotic
pressure of the draw solution, and 7, is the osmotic pressure at the
membrane surface on the feed side (zero for deionized water feed).

4.8. Summary of round-robin test conditions

Based on data collected during literature survey and experience
from years of research, standard experimental conditions were
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Fig. 3. Water permeability coefficients for the two ODMP membranes obtained from RO
tests with deionized water feed. Operating conditions: feed pressure 8.62 bar
(125 psi), feed temperature 20 °C, and feed cross-flow velocity 0.25 m/s. Less than 7
points represent instances in which testing in specific laboratories failed or outliers
were identified and removed.
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Fig. 4. (a) Salt permeability coefficients and (b) salt rejections measured for the two ODMP membranes during RO tests with 2000 mg/L NaCl feed water. Operating conditions: feed

pressure 8.62 bar (125 psi), feed temperature 20 °C, feed flow velocity 0.25 m/s.

suggested for testing of ODMP membranes. These conditions were the
basis for a round-robin testing campaign that was conducted during
the summer of 2011. The test conditions are summarized in Table 2.

5. Results and discussion

Seven independent laboratories with experience in testing of ODMP
membranes participated in the round-robin study. Membranes were
acquired from a single cast and were cut and shipped at the same
time to all participants with clear handling and testing instructions. At
least one laboratory tested membranes with two different membrane
cells. One laboratory compiled all the results and statistically evaluated
the data.

5.1. RO testing

Both water flux and salt rejection were measured during RO testing
of the two membranes. Results were used to calculate the water (A) and
salt (B) permeabilities of the membranes. Water permeability coeffi-
cients determined during RO tests with deionized water feed are
presented as box plots in Fig. 3 for the two membranes. Grubbs' test
was performed to identify outliers at 5% significance level [50] and
one data point was removed from the TFC dataset. Fig. 3 (and subse-
quent figures) includes all data points (average results), maximum
and minimum values observed, average (hollow square in the middle
of each box), 25 percentile (bottom of box), median (middle line in
the box), and 75 percentile (top of box). Results indicate that the per-
meability of the TFC membrane is much higher than the water perme-
ability of the asymmetric membrane and that the distribution of data
is very narrow when testing water flux in RO mode.
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Concentration polarization effects need to be considered when calcu-
lating the salt permeability coefficient, B, from RO mode experiments
[18]. Therefore, for each experiment the concentration polarization mod-
ulus was calculated, and the salt permeability of the membranes was de-
termined based on the difference between the salt concentration at the
membrane surface and the permeate concentration. Observed salt rejec-
tion was calculated based on feed and permeate bulk concentrations.

Salt permeability coefficients and salt rejection were determined
during RO tests with feed solutions containing 2000 mg/L NaCl and
standard conditions defined in Table 2. Results from the participating
laboratories are presented in Fig. 4a,b for the two membranes. Grubbs'
test was performed to identify outliers; however, despite the large dis-
tribution of results for the TFC membrane, none of the data points was
identified as an outlier. While the results of salt permeability coeffi-
cients for the TFC membrane in Fig. 4a look widely spread, the salt rejec-
tion by the TFC membranes ranged between 80.4 and 90.5% (Fig. 4b),
with most of the data points above 86%. These salt rejection results
were very similar to the rejection by the asymmetric membrane.

5.2. FO and PRO testing modes

5.2.1. Water flux

Water flux and reverse salt flux were measured for both membranes
in the FO and PRO modes under the conditions summarized in Table 2.
Water flux through the two membranes in FO mode and PRO mode is
shown in Fig. 5a,b, respectively. Grubbs' test was performed to identify
outliers in the data [50]. Only one data point was identified as an outlier
and was excluded from the dataset.

It is apparent from the data that water flux through the asymmetric
cellulose acetate membrane is lower in both testing modes (FO and
PRO); however, the data are less scattered compared to those from
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Fig. 5. Water flux during (a) FO and (b) PRO tests with two ODMP membranes. More than 7 points on a plot represent additional data acquired from more than one membrane cell
in a specific laboratory. Less than 7 points represent instances in which testing in specific laboratories failed. Operating conditions: 1 M NaCl draw solution concentration, deionized
water feed, 0.25 m/s feed and draw solution flow velocities, and 20 °C feed and draw solution temperatures.
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Fig. 6. Reverse salt flux during (a) FO and (b) PRO tests with two ODMP membranes. Operating conditions as detailed in Table 2 and in the caption of Fig. 5.

the TFC membranes. The TFC membrane employs an exceedingly thin
RO-type polyamide active layer supported with a thin and highly po-
rous support layer, resulting in much higher water flux compared to
asymmetric membranes. The larger variability of the TFC membrane
may be attributed to dewetting of the hydrophobic support layer or
by small defect formation caused by variable handling and loading of
the membrane between the various laboratories.

5.2.2. Reverse salt flux

Salt flux was calculated by multiplying the rate of change of feed
concentration with time by the volume of the feed solution and then di-
viding by the area of the membrane, expressed in unitsofg m~2 h™ ! or
mol m~2 h™"'. Reverse salt fluxes as a function of membranes used and
operating mode are presented in Fig. 6a for FO and in Fig. 6b for PRO. In
agreement with the results presented in Fig. 4, reverse salt flux through
the asymmetric membrane is lower than that through the TFC mem-
brane. Furthermore, reverse salt flux is higher during PRO testing com-
pared to FO, mainly due to internal concentration polarization effects. It
is also important to note that because the ratio between solute reverse
flux and water flux is constant [36,40] (and Eq. (5) here), higher water
flux in PRO may contribute to higher salt flux. The spread of results was
also larger for the TFC membrane compared to the asymmetric mem-
brane. Grubbs' test was performed, but none of the data points was
identified as an outlier.

5.2.3. Structural parameter

Results from membrane performance tests were used to calculate
the structural parameter (S=t7/¢) of the porous support layer of the
two ODMP membranes employed in this study. As illustrated in Fig. 7,
the average structural parameter for the TFC membrane is lower—
primarily due to its thinner support layer and higher porosity.
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Fig. 7. Structural parameters of the two ODMP membranes. Operating conditions as de-
tailed in Table 2 and in the caption of Fig. 5.

The structural parameter results are scattered for both the asymmet-
ric and TFC membranes but the average value for the asymmetric mem-
brane is generally similar to results obtained in previous studies [36,37].
It is important to note that parameters used in calculating the structural
parameter are obtained from both FO and RO experiments, and in most
cases the tests are conducted with different membrane samples, which
can introduce variability in results due to differences in membrane prop-
erties. That said, the standard deviation of results from each laboratory
that participated in the study was low.

6. Concluding remarks

The performance of two commercially available ODMP membranes
was evaluated in FO, PRO, and RO modes in seven independent laborato-
ries. It was demonstrated that by following a standard testing procedure,
similar results can be obtained and easier comparison between past,
present, and future ODMP membranes can be achieved. This is especially
true for more mature membranes that are commercially manufactured
extended time and are more robust (the asymmetric membrane in this
study).

Our results further indicate that membrane integrity plays an impor-
tant role in membrane performance testing. New generation TFC ODMP
membranes are more difficult to evaluate; their thin active and support
layers and their high permeability introduce potential integrity prob-
lems and considerable concentration polarization (both external and
internal) effects due to high water flux. For newly developed TFC
ODMP membrane it is important to use membrane characterization
techniques (e.g., scanning electron microscopy, atomic force microsco-
py, porosity test, etc.) prior to performance testing in order to deter-
mine and assure membrane integrity. TFC membranes should be
tested at lower hydraulic pressures in RO mode during determination
of water and salt permeabilities to reduce the effects of external concen-
tration polarization. Conducting FO and RO tests with the same mem-
brane sample increases the accuracy of parameters used for cal-
culating the structural parameter of the membrane support layer.

A similar testing procedure should be developed for future hollow
fiber and capillary ODMP membranes. Most operating conditions
suggested in this study will be identical with a few modifications.
Cross-flow velocity inside the capillaries/fibers will have to be adjusted
to maintain similar flow velocity but with no development of hydraulic
pressure due to pressure drop in the fibers. It will likely be difficult to
test capillary membranes under pressure, and therefore, A and B will
have to be indirectly calculated from results of FO and PRO experiments.
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